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SUMMARY 


A  CMOS  circuit  capable  of  storing  optically  transmitted  data  from  a  holographic  read¬ 
only  memory  (ROM)  is  described.  The  investigation  focuses  on  combining  optical  and 
electronic  circuit  technology  to  rapidly  transfer  data  in  parallel  fashion  from  a  ROM  to  an 
array  of  static  random-access  memory  (SRAM)  cells.  The  proposed  optoelectronic  SRAM 
cells  have  an  optical  detection  component  as  well  as  electrical  read  and  write  functions. 

Development  of  the  optoelectronic  memory  circuit  is  based  on  research  in  several 
areas.  A  design  method  is  described  which  applies  MOS  inverter  transfer  characteristics  to 
the  six-transistor  CMOS  SRAM  cell.  Circuit  diagrams,  layouts,  and  models  are  presented 
for  photodetection  devices  adapted  to  integrated  CMOS  circuits.  These  devices  are 
fabricated  in  standard  CMOS  processes  for  silicon.  Performance  characteristics  are 
provided  for  photodetection  devices  with  different  load  circuits.  The  optical  data  transfer 
technology  is  extended  to  other  systems  in  which  high  speed  and  parallelism  are  essential. 

An  array  of  the  optoelectronic  cells  and  many  related  devices  and  circuits  have  been 
designed,  fabricated,  and  tested.  Simulation  and  experimental  results  are  given  for  circuits 
applicable  to  optical  detection  and  electronic  storage  of  data.  The  optical  data  transfer 
concept  has  been  verified  with  a  16-bit  optoelectronic  SRAM.  Data  contained  in  a  parallel 

M\\c  LL'-v-V-Vs 

array  of  16  light  beams  with  an  average  power  of  3.35  pW  per  bit  were  successfully 
transferred  to  the  SRAM.  The  Argon  laser  light  pattern  was  formed  by  both  a  mask  and  a 
hologram.  The  storage  of  the  optical  information  was  verified  by  electrical  addressing  of 
each  cell.  This  research  is  a  fundamental  component  of  a  massively  parallel  optical-to- 
electronic  data  transfer  system  being  developed.  Data  is  to  be  transferred  to  a  RAM  from  a 
page-oriented  holographic  ROM  containing  up  to  1011  bits  of  volume-multiplexed  data. 


CHAPTER  1 


INTRODUCTION 

The  unique  properties  of  laser  light  are  responsible  for  the  rapid  development  of 
electro-optic  technology  over  the  past  decade.  Uniform  spatial  coherence,  enhanced 
bandwidth,  and  lack  of  mutual  interference  are  some  of  the  vital  attributes  that  make 
precisely  controlled  laser  beams  attractive  for  applications  such  as  control  of  electronic 
circuits  [1].  Despite  anticipated  near  term  advancements  in  electronic  computer 
programming  and  architecture,  the  practical  limitations  of  electrical  interconnects  and 
submicron  technology  will  inevitably  slow  the  evolution  of  electronic  hardware  [2, 3]. 
Because  of  these  constraints,  optical  and  optoelectronic  processing  [4]  are  likely  to  play  a 
dominant  role  in  computing  technologies  of  the  future. 

One  of  the  bottlenecks  in  many  computing  processes  is  the  rate  at  which  data  stored 
in  a  large  read-only  memory  (POM)  can  be  transferred  to  a  random-access  memory 
(RAM).  The  research  presented  in  this  thesis  addresses  that  problem  by  proposing  the  use 
of  electrical  circuits  for  detection  and  storage  of  optically  transmitted  parallel  data.  This 
technology  is  termed  an  optical  ROM-to-electronic  RAM  (ORER)  data  transfer  system  [5]. 
The  goal  is  to  develop  and  test  static  memory  cells  and  propose  other  circuits  capable  of 
detecting  and  storing  data  contained  in  a  parallel  array  of  low  power  light  beams.  The  data 
contained  in  the  array  of  laser  beams  is  assumed  to  originate  from  an  optical  ROM,  which 
is  a  page-oriented  holographic  memory  containing  many  bits  of  volume-multiplexed  data 
[5],  An  example  of  a  complete  optical  ROM-to-electronic  RAM  data  transfer  system  is 
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shown  in  Fig.  1-1.  Two  Bragg  cells  are  shown  as  an  example  dual  selection  process  for 
the  holographic  ROM.  The  first  cell  selects  a  specific  volume,  while  the  second  cell  selects 
a  specific  page  within  the  chosen  volume.  Combining  the  hologram  and  selection  process 
results  in  the  application  of  a  predetermined  light  pattern  to  the  detector  array  within  the 
RAM.  The  optical  information  is  then  stored  as  electrical  data. 


OPTICAL  FIBER  NETWORK  HOLOGRAPHIC  ROM 


X  /  / 

BRAGG  CELL  CMOS  RAM 


Figure  1-1.  Optical  ROM-to-Electronic  RAM  Data  Transfer  System.  The  first  Bragg 
cell  selects  a  specific  volume.  Within  the  designated  volume,  die  second  Bragg  cell 
selects  a  wave  front  with  a  predetexmined  bit  pattern. 

1.1  Motivation 

Much  research  has  been  completed  on  a  number  of  automation-related  topics, 
including  massively  parallel  computer  architectures  [6-8],  optical  interconnection  of  VLSI 
systems  [9],  optical  computing,  and  advanced  artificial  intelligence  (AI)  [10-12].  Optical 
computing  has  been  successfully  applied  to  a  number  of  computationally  intensive 
problems,  such  as  equation  solving  [13]  and  digital  logic  [14].  The  speed  and  parallelism 
inherent  in  optical  computing  have  also  made  it  attractive  for  artificial  intelligence,  which  is 
one  of  the  most  computationally  intense  fields  of  computer  science  [15].  However, 
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progress  in  AI  has  been  limited  due  to  special  requirements  such  as  dynamic  access  to 
adequate  data  storage  space. 

Currently,  MOS  and  bipolar  technologies  offer  a  wide  variety  of  data  storage  devices 
for  conventional  electronic  computers.  Memories  based  on  CMOS  technology  offer 
electrical  flexibility,  high  packing  densities,  and  data  storage  with  extremely  low  power 
consumption.  Progress  in  wafer  technology  and  systematic  improvements  in  integrated 
circuit  fabrication  processes  have  resulted  in  the  realization  of  MOS  devices  with  submicron 
channel  lengths.  Semiconductor  memories  using  these  smaller  devices  are  complex  and 
have  very  large  capacities.  Unfortunately,  the  future  growth  of  such  electronic  memories  is 
not  without  limits.  The  bit  storage  density,  which  approximately  doubled  every  year 
during  the  1970s,  is  now  slowing  as  an  apparent  saturation  point  approaches.  While 
memories  were  advancing  in  data  storage  capacity,  corresponding  progress  was  also 
shown  in  computer  architecture.  Currently,  many  areas  of  computing  continue  to  advance 
via  the  field  of  optics.  To  keep  pace  with  optical  and  parallel  processors  as  well  as  the 
optical  interconnect  approach  to  communication  problems  [8],  memories  must  be  developed 
beyond  the  current  electronic  limitations.  Thus,  the  purpose  of  the  research  in  this  thesis  is 
to  investigate  a  combined  optical  and  electronic  approach  to  parallel  data  storage. 

1.2  Research  Objectives 

The  principal  research  in  this  thesis  combines  optics  and  VLSI  circuit  technology  to 
achieve  parallel  transfer  of  data  from  a  holographic  ROM  to  an  electronic  RAM. 
Applications  for  parallel  data  transfer  as  well  as  other  CMOS  circuits  for  processing  and 
storage  of  optical  data  are  also  considered. 

The  main  objective  of  this  research  is  to  develop  a  static  random-access  memory 
(SRAM)  cell  array  capable  of  storing  optically  transmitted  data  in  an  optical  ROM-to- 
electronic  RAM  data  transfer  system.  The  cells  must  also  possess  standard  electrical  read 
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and  write  functions.  As  part  of  the  development  of  the  SRAM  cells  for  optical  data 
transfer,  several  areas  are  studied.  First,  static  RAM  technology  is  investigated  to 
determine  the  cell  configuration  most  adaptable  to  photonic  input.  Photodetector 
technologies  are  also  examined  to  find  devices  compatible  with  bulk  CMOS  fabrication 
processes.  Other  areas  of  investigation  are  VLSI  circuit  fabrication  processes,  SRAM  cell 
design,  stability,  and  operation,  and  applications  for  the  optical  ROM-to-electronic  RAM 
technology.  Applications  are  addressed  in  terms  of  optoelectronic  circuits  developed  to 
meet  the  primary  objectives  as  well  as  new  circuits  based  on  similar  principles. 

In  the  past  decade  holographic  optical  elements  (HOEs)  in  free  space  have  been 
applied  to  several  areas  of  computing,  including  optical  clock  distribution  and 
communication  between  circuits,  chips,  and  wafers.  For  such  applications,  as  well  as  the 
research  presented  here,  the  conversion  of  optical  information  to  an  electronic  signal 
traverses  many  fields  of  electrical  engineering.  Those  fields  include  laser  optics, 
photonics,  circuit  theory,  semiconductor  device  physics,  and  holography. 

Other  research  involving  free  space  HOEs  has  included  special  features  such  as 
gallium  arsenide  substrates  [16].  However,  in  an  effort  to  achieve  short  term  results,  the 
objectives  of  the  research  presented  here  are  limited  to  circuits  fabricated  in  a  bulk  CMOS 
process.  Besides  the  known  advantages  of  CMOS  circuits,  silicon  technology  is  well 
established  and  offers  low-cost  fabrication  through,  for  example,  the  MOS  Implementation 
Service  (MOSIS)  [17]. 

Optoelectronic  circuits  are  based  on  a  combination  of  electronic  theory  and  optics. 
Interfacing  the  two  concepts  is  accomplished  in  this  thesis  by  considering  an  SRAM  cell  to 
be  a  combination  of  simple  digital  CMOS  integrated  circuits.  Simulation  of  the  optical  and 
electronic  circuits  also  requires  adaptation  of  one  technology  to  the  principles  of  the  other. 
Thus,  electronic  models  for  photodetection  devices  are  investigated  for  the  purpose  of 
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simulating  the  optical  and  electrical  circuits  at  the  same  time.  Simulations  are  generally 
conducted  using  the  SPICE  circuit  simulator. 

The  final  objective  is  to  provide  experimental  support  for  the  principal  optoelectronic 
circuits  as  well  as  other  fundamental  circuits  and  devices  necessary  for  verification  of  basic 
concepts.  Experimentation  in  this  thesis  ranges  from  a  simple  photodetector  device 
fabricated  in  a  CMOS  process  to  optoelectronic  SRAM  cells  in  a  16-bit  array.  Due  to 
photodetector  requirements,  all  circuits  used  in  the  experiments  are  fabricated  in  a  p-well 
process. 

1.3  Related  Research 

Although  optical  computing  received  serious  attention  as  early  as  the  1970s  [18]  and 
has  resulted  in  significant  developments  in  the  last  decade,  some  numerical  computing 
applications  will  not  necessarily  evolve  directly  from  electronic  systems  to  fully  optical 
systems.  For  those  applications,  computers  having  both  electronic  and  optical  processes 
will  serve  as  an  intermediate  step  [19].  The  most  prevalent  example  of  such  a  system  is  the 
optical  interconnect  technology  introduced  in  1984  as  a  potential  means  of  relieving  clock 
skew  problems  [20, 21]  and  reducing  the  required  number  of  electrical  input/output  pins  on 
a  VLSI  chip.  Research  on  the  applications  of  optical  interconnections  was  quickly 
extended  from  the  chip  level  to  wafer-scale  integration  [22, 23].  Three  general  types  of 
optical  interconnects  have  been  proposed:  optical  fibers  [24];  integrated  waveguides  [16, 
25];  and  free-space  connections  via  a  holographic  optical  element  [26, 27].  A  general  firee- 
space  optical  interconnect  system  is  composed  of  a  light  source,  an  HOE,  and  a  network  of 
photodetectors  that  are  electrically  connected  to  the  VLSI  circuit.  The  HOE  is  an  off-chip 
device  that  defines  the  interconnection  pattern  and  directs  the  light  beams  to  a  specific  set  of 
detectors.  A  variety  of  HOE  types  [28,  29]  are  available  for  addressing  the  detector 
network  in  an  optical  interconnect  system. 
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Optical  interconnect  technology  has  been  proposed  as  one  of  the  many  potential 
methods  of  implementing  parallel  architectures  [30]  necessary  to  meet  the  computational 
demands  of  artificial  intelligence  [10].  While  much  of  the  research  associated  with  parallel 
computing  and  AI  has  focused  on  processors,  interconnects,  and  input/output  structures, 
only  minor  attention  has  been  given  to  parallel  memories.  As  a  result,  massively  parallel 
optical-to-electronic  data  transfer  was  proposed  in  1988  as  a  means  of  combining  optics 
and  electronics  to  achieve  parallel  access  to  an  existing  memory  structure.  Although  many 
other  principles  are  involved,  the  basic  concept  of  using  parallel  optical  beams  to  write  to  a 
static  memory  is  derived  from  optical  interconnect  technology. 

Much  of  the  research  presented  in  this  thesis  is  based  on  a  six-transistor  CMOS  static 
RAM  cell.  The  full  CMOS  flip-flop  circuit  with  cross-coupled  inverters  became  a  practical 
static  memory  cell  in  the  1970s.  Since  it  contains  only  six  transistors,  the  simple 
appearance  of  the  cell  conceals  its  actual  complexity.  In  lieu  of  a  concise  design 
methodology  for  the  CMOS  SRAM  cell,  the  literature  has  focused  on  stability  and  upset 
analyses  [31-36],  which  have  extended  into  the  late  1980s.  Approaches  to  prediction  of 
static  RAM  cell  upset  have  included  phase-plane  [37]  and  metastability  [38]  analyses. 

While  the  CMOS  static  RAM  technology  is  relatively  new,  photodetection  devices 
required  for  converting  optical  energy  into  an  electrical  signal  have  been  in  existence  for 
several  decades.  However,  these  have  generally  been  discrete  devices  designed  specifically 
for  photon  detection.  Devices  fabricated  in  a  bulk  CMOS  process,  such  as  needed  for 
optical  data  transfer,  have  not  been  fully  characterized.  Numerous  differences  exist 
between  conventional  photodetectors  and  detectors  that  can  be  used  in  the  optical-to- 
electronic  data  transfer  technology.  The  most  critical  problem  for  the  latter  devices  is  the 
restricted  junction  depth  imposed  by  the  CMOS  fabrication  process.  Some  measurements 
of  the  response  of  these  detectors  [39]  have  been  reported  as  part  of  optical  interconnect 
research. 
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In  other  related  research,  optical  interconnect  technology  has  been  applied  to  a  static 
RAM  in  an  attempt  to  speed  up  conventional  addressing  of  individual  memory  cells.  In 
large  RAMs,  much  of  the  delay  can  be  attributed  to  highly  resistive  and  capacitive  address 
lines.  Although  this  research  is  not  concerned  with  parallel  access,  it  does  apply  an  optical 
circuit  directly  to  the  word  line  of  a  static  RAM  cell.  This  optical  addressing  technique 
proposed  by  Wu  et  al.  [40]  provides  both  electrical  and  optical  selection  of  individual  word 
lines.  A  separate  select  switch  is  provided  for  the  optical  addressing  circuit  When  the 
optical  addressing  network  is  inactive,  a  tri-state  inverter  isolates  the  photodetection  circuits 
from  other  components  of  the  RAM.  Additional  work  on  optical  data  storage  includes  a 
conceptual  optical  memory  as  a  component  of  a  hybrid  optical  computing  system  [19]  and  a 
theoretical  parallel  memory  based  on  interconnected  optical  logic  devices  [41]. 

1.4  Thesis  Overview 

This  thesis  contains  seven  chapters  which  examine  techniques  for  the  electronic 
storage  of  optical  data.  The  fundamental  storage  element  is  a  CMOS  static  RAM  cell  which 
has  been  modified  for  optical  input  Complete  optoelectronic  data  storage  systems  as  well 
as  individual  components  of  such  circuits  are  discussed.  A  simple,  but  explicit  approach  to 
CMOS  SRAM  cell  design  is  presented.  Photodetector  devices  compatible  with  CMOS 
circuits  are  then  described.  Detector  load  circuits  are  analyzed  and  then  coupled  with  the 
detectors  and  the  static  RAM  cell  to  form  optical  detection  and  storage  circuits.  Finally, 
applications  for  optoelectronic  circuits  are  proposed.  A  brief  outline  of  each  chapter  is 
provided  below. 

Chapter  2  starts  with  a  discussion  of  the  components  and  operation  of  a  full-CMOS 
SRAM  cell.  In  the  remainder  of  the  chapter,  several  design  parameters  that  normally  apply 
to  single  or  cascaded  inverters  are  presented  in  the  context  of  the  cross-coupled  inverters 
making  up  a  static  RAM  cell.  A  noise  margin  is  extracted  from  the  parameters  and 
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compared  to  the  static  noise  margin  derived  specifically  for  a  six-transistor  cell.  The  more 
explicit  approach  to  design  given  in  this  chapter  is  relevant  to  cell  modifications  addressed 
in  Chapter  5. 

Chapter  3  examines  photodetector  devices  applicable  to  bulk  CMOS  fabrication 
processes.  The  material  in  this  chapter  is  applied  to  simulation  of  optoelectronic  circuits  in 
later  chapters.  The  discussion  centers  around  a  basic  pn  junction  detection  device,  which  is 
formed  during  the  drain  implant  for  p-channel  MOSFETS.  After  a  review  of  the 
photodetection  process,  models  for  SPICE  simulations  are  proposed.  Simulations  are  used 
to  compare  the  different  models. 

The  next  chapter  introduces  basic  circuits  for  conversion  of  photons  to  an  electrical 
voltage  or  current.  Since  the  circuits  in  Chapter  4  are  the  basis  of  a  static  RAM  cell,  they 
are  kept  as  simple  as  possible.  Several  optoelectronic  configurations  which  offer  a  variety 
of  advantages  and  disadvantages  are  illustrated.  Simulations  are  provided  for  all  circuits. 
Experimental  results  are  also  provided  for  selected  circuits  which  have  been  fabricated  and 
tested.  Most  of  the  circuits  in  this  chapter  are  designed  to  be  connected  directly  to  a  static 
RAM  cell  as  discussed  in  Chapter  5. 

Chapter  5,  which  contains  the  central  work  of  the  thesis,  details  the  design  and 
analysis  of  optoelectronic  SRAM  cells.  The  discussion  includes  both  simulation  and 
experimental  results  for  several  circuits,  which  have  been  proposed  for  electronic  storage  of 
optical  data.  Since  the  circuits  described  in  this  chapter  are  fundamental  to  the  research,  the 
results  are  significant  to  the  continuation  of  work  in  this  area. 

Chapter  6  lays  the  foundation  for  additional  research  by  investigating  potential 
applications  and  suggesting  other  optoelectronic  circuit  configurations.  The  final  chapter 
summarizes  the  research  presented  in  the  thesis  and  outlines  the  results  and  conclusions. 
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CHAPTER  2 


DESIGN  AND  ANALYSIS  OF  CMOS  SRAM  CELLS 

This  chapter  details  the  design  and  analysis  of  a  CMOS-based  SRAM  memory  cell 
which  can  be  modified  to  detect  and  store  optical  data.  Other  optoelectronic  storage  devices 
and  circuits  are  addressed  in  Chapter  6.  As  shown  in  Fig.  2-1,  the  CMOS  SRAM  cell  is  a 
flip-flop  circuit  composed  of  four  MOSFETS  which  form  two  cross-coupled  inverters. 
Two  additional  MOS  transistors  are  used  for  access.  Each  access  device  is  controlled  by  a 
word  line  and  connected  as  a  pass  transistor  from  a  bit  line  to  an  inverter  input/output  node. 
The  two  inverter  outputs  also  serve  as  the  data  storage  nodes  of  the  cell.  Although  the  cell 
is  somewhat  simple  in  appearance,  the  design  and  analysis  of  the  flip-flop  circuit  have  been 
the  subject  of  extensive  research.  In  lieu  of  analyzing  the  circuit  by  addressing  dynamic 
properties  of  the  inverters  in  the  metastable  region  [38, 42],  a  less  complex  graphical 
approach  to  design  is  presented  in  this  chapter.  The  results  are  supported  by  static  noise 
margin  (SNM)  [35]  calculations. 

2.1  CMOS  SRAM  Cell  Electrical  Operations 

The  electrical  operation  of  the  cell  is  explained  by  simple  read  and  write  functions. 
Reading  and  writing  of  data  refers  to  information  stored  at  the  DATA  node  (D),  while  the 
complementary  information  is  automatically  stored  at  the  NOT  DATA  node  (D). 
Information  is  written  to  the  cell  when  the  word  line  (WL)  is  raised  to  a  logic  one  while  the 
BIT  line  and  NOT  BIT  line  (BL  and  BL)  are  set  to  the  desired  pattern.  A  logic  one,  for 
example,  may  be  written  when  BL  is  low  and  BL  is  either  high  or  floating.  When  both  bit 
lines  and  WL  are  high,  the  stored  data  remains  unchanged.  Reading  the  cell  is  similar  to 
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to  the  write  operation,  except  the  bit  lines  are  precharged  and  then  floated  to  allow  transfer 
of  data  from  the  cell  to  the  bit  lines. 

When  the  cells  are  arranged  in  a  matrix  to  form  a  static  RAM,  individual  cells  are 
addressed  by  row  and  column  decoders.  The  RAM  also  includes  read/write  control  gates, 
buffered  input/output  buses,  and  sense  amplifiers  which  detect  and  hold  the  state  of  the 
BIT  and  NOT  BIT  lines.  The  primary  advantage  of  a  static  RAM  is  that  the  stored  data  is 
held  without  the  need  for  refreshing.  On  the  other  hand,  the  RAM  requires  a  large  chip 
area  which  slows  the  time  required  for  addressing  individual  cells  [43, 44].  Access  times 
for  electrical  read/write  functions  range  from  hundreds  of  nanoseconds  for  large 
conventional  memories  to  less  than  15  nanoseconds  for  circuits  having  minimum 
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geometries  and  advanced  addressing  techniques  [45-48].  Static  RAM  circuits  may  also  be 
designed  for  either  clocked  or  non-clocked  operation  [49]. 

2.2  CMOS  SRAM  Cell  Design 

Recently,  significant  attention  has  been  given  to  the  study  of  stability  in  CMOS  flip- 
flop  circuits  [37-38, 50].  Specific  areas  of  interest  are  metastable  operation  [38]  and  static 
noise  margin  [35].  Metastable  operation  primarily  focuses  on  the  CMOS  flip-flop  during  a 
change  of  states,  although  it  also  applies  to  the  destruction  of  stored  data.  Static  noise  is 
any  DC  disturbance  such  as  a  series  voltage  or  parallel  current  at  the  input  of  one  of  the 
cross-coupled  inverters.  Noise  may  also  be  in  the  form  of  a  voltage  at  the  ground  line  or 
power  supply,  or  any  combination  of  the  these  sources. 

The  objectives  of  a  stability  analysis  are  to  obtain  the  proper  operation  of  a  static 
RAM  cell  during  transition  and  ensure  the  ability  to  retain  stored  data  indefinitely.  The 
temporary  loss  of  data  is  called  a  soft  error  when  the  cell  continues  to  function  properly 
after  the  upset  event  Soft  errors  are  often  caused  by  ionizing  radiation.  Loss  of  data  may 
also  be  the  result  of  noise  from  a  variety  of  sources,  or  a  change  in  state  during  a  read 
operation.  The  design  process  developed  in  this  chapter  is  based  on  the  retention  of  data 
during  the  worst-case  read  operation;  however,  improved  stability  in  one  area  generally 
results  in  less  susceptibility  to  other  sources  of  error  as  well.  The  parameters  discussed  in 
the  next  sections  are  normally  used  in  the  design  of  simple  inverters  made  up  of  n-channel 
(NMOS)  and  p-channel  (PMOS)  transistors.  However,  after  the  basic  design  parameters 
arc  discussed,  it  will  be  shown  that  they  can  also  be  conditionally  applied  to  cross-coupled 
inverters  and,  thus,  the  CMOS  SRAM  cell.  This  explicit  approach  to  CMOS  static  RAM 
cell  design  is  essential  to  the  design  of  optoelectronic  circuits  presented  in  Chapters  4  and 
5.  More  complex  design  and  analysis  methods  presented  in  references  cannot  be  readily 
extended  to  static  RAM  cells  which  are  modified  for  optical  input 
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2.2.1  Inverter  Threshold 

A  voltage  transfer  curve  for  a  CMOS  inverter  is  shown  in  Fig.  2-2.  The  threshold 
voltage  (VaO  of  the  inverter  is  the  voltage  level  at  which  the  output  voltage  equals  the  input 
voltage  during  a  switching  event.  It  is  considered  the  transition  point  for  the  output  voltage 
of  a  single  inverter  as  well  as  the  cross-coupled  inverters  of  the  CMOS  RAM  cell. 


Figure  2-2.  Generalized  Voltage  Transfer  Curve  for  a  CMOS  Inverter. 


For  a  CMOS  inverter,  both  the  NMOS  and  PMOS  devices  are  in  the  saturation  region 
of  operation  when  the  output  is  at  V#,.  The  maximum  current  flows  through  the  devices  at 
this  point  By  making  the  output  voltage  the  same  as  the  input  voltage  and  equating  the 
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saturation  n-channel  and  p-channel  transistor  currents,  the  inverter  threshold  is  [51] 


(2.1) 


where  Vm  and  Vtp  are  the  n-channel  and  p-channel  transistor  threshold  voltages.  Bn  and  Bp 
are  the  respective  transconductance  parameters,  and  Vdd  is  the  supply  voltage.  Using  the 
device  parameters  and  supply  voltage  given  in  Table  2-1,  the  CMOS  inverter  threshold  is 
plotted  in  Fig.  2-3  as  a  function  of  PMOS  transistor  aspect  ratio  (W/L)p  with  the  size  of  the 
NMOS  device  (W/L)n  as  a  parameter.  The  graph  shows  the  inverter  threshold  increasing 
with  NMOS  transistor  channel  length,  but  inversely  proportional  to  PMOS  device  channel 
length.  Generally,  for  static  RAM  cell  design  the  inverter  threshold  need  not  be  set  midway 
between  the  power  supply  rails  (0  and  5  volts).  In  fact,  if  other  factors  are  disregarded,  a 
higher  threshold  will  improve  the  operation  of  the  cell  since  data  is  stored  by  writing  a  logic 

Table  2-1.  Numerical  Values  for  Calculation  of  CMOS  Inverter  Threshold. 


PARAMETER 

UNITS 

VALUE 

Mdd 

V 

5.00 

VTn 

V 

1.00 

VTp 

V 

-0.74 

k’n 

A/V2 

55.10E-6 

k’p 

A/V2 

21.80E-6 

13 


Vth  (V) 


(f). 


Figure  2-3.  Threshold  Voltage  of  a  CMOS  Inverter.  Data  are  provided  for  selected 
PMOS  transistor  aspect  ratios  with  the  size  of  the  NMOS  transistor  as  a  parameter. 

zero  to  one  side  of  the  cell.  However,  it  will  become  apparent  in  later  sections  that  the  size 
of  individual  transistors  cannot  be  arbitrarily  changed  simply  to  increase  or  decrease  the 
inverter  threshold.  Other  aspects  of  circuit  performance  will  be  affected  as  well. 

2.2.2  Inverter  Input  Low  Voltage 

The  input  low  voltage  Vn,  is  the  maximum  logic  zero  input  to  an  inverter  that  assures 
a  logic  one  at  the  output.  Setting  the  current  of  the  nonsaturated  p-channel  transistor  equal 
to  the  current  of  the  saturated  n-channel  device  gives  [51] 


Pn(V.L-VTn)2 

Pp(VDD  ”  Vo»t) 


-V.L- |%,|)-( VDD 


(2.2) 
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where  Vout  is  the  inverter  output  voltage.  A  second  expression  is  found  from  the  definition 
of  Vil  shown  in  Fig.  2-2  as  the  point  where 


dVout  _ 

dVin 


is  satisfied.  This  gives 


— V  -V 
B  Tn  DD 

P 


(2.3) 


(2.4) 


Simultaneously  solving  equations  (2.2)  and  (2.4)  gives  the  inverter  input  low  voltage  as 
plotted  in  Fig.  2-4  for  selected  NMOS  and  PMOS  transistor  aspect  ratios.  Model 
parameters  for  the  n-channel  and  p-channel  devices  are  found  in  Table  2-1.  The  curves  are 
similar  to  the  plot  of  inverter  threshold  in  Fig.  2-3.  The  value  of  Vil  increases  when 
(W/L)p  increases  or  when  (W/L)n  decreases.  Inspection  of  Fig.  2-2  shows  that  a 
increasing  assures  a  logic  one  output  for  a  larger  range  of  values  for  the  inverter  input 
voltage.  Thus,  when  Vil  increases,  a  larger  noise  voltage  is  required  to  upset  the  cross- 
coupled  inverters  of  a  CMOS  static  RAM  cell.  The  disturbance  to  a  static  RAM  cell  caused 
by  reading  a  logic  zero  may  be  treated  as  a  noise  source  for  analysis  purposes  [35].  The 
relation  of  these  parameters  to  the  noise  analysis  is  further  explained  in  the  next  sections. 

2.2.3  Inverter  Output  Low  Voltage 

In  addition  to  the  input  low  voltage  described  in  Section  2.2.2,  an  inverter  may  be 
characterized  by  its  output  low  voltage  Vol-  The  value  of  Vol  for  the  cross-coupled 
CMOS  inverters  in  a  six-transistor  static  RAM  cell  is  approximately  zero  and  not  crucial  to 
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Figure  2-4.  Input  Low  Voltage  of  a  CMOS  Inverter.  Data  are  plotted  for  selected 
PMOS  transistor  aspect  ratios  with  the  NMOS  transistor  aspect  ratio  as  a  parameter. 

the  operation  of  the  cell.  However,  during  a  read  access  event,  two  n-channel  transistors 
form  an  inverter  that  is  critical  to  cell  stability.  To  read  a  logic  zero  from  the  DATA  node  of 
the  cell  in  Fig.  2-1,  the  bit  lines  are  first  precharged.  For  purposes  of  this  analysis,  BL  and 
BL  are  assumed  to  be  precharged  to  the  supply  voltage  level  to  establish  the  worst-case 
conditions.  When  the  word  line  is  activated,  access  transistor  T5  becomes  the  saturated 
enhancement  mode  load  of  an  inverter  formed  with  NMOS  transistor  Tl,  as  shown  more 
explicitly  in  Fig.  2-5.  The  output  low  voltage  of  this  access  inverter  must  be  small  enough 
to  ensure  the  stored  data  does  not  change  from  a  logic  zero  state  to  a  logic  one. 

Disregarding  all  other  sources  of  RAM  cell  upset,  the  DATA  node  will  remain  unchanged 
during  a  read  access  event  if  Vol  for  the  access  inverter  is  less  than  the  value  of  Vn,  for  the 
cross-coupled  CMOS  inverters. 
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Figure  2-5.  CMOS  SRAM  Cell  Read  Access  Inverter. 


The  output  low  voltage  of  an  MOS  inverter  with  an  enhancement-mode  load  is 
determined  by  setting  the  load  transistor  current  equal  to  the  driver  current  The  BIT  line  is 
set  equal  to  the  supply  rail  for  the  duration  of  this  analysis.  Degrading  effects  of  the  BIT 
line  pull-up  and  the  eventual  BIT  line  discharge  toward  a  logic  zero  are  ignored.  All 
NMOS  devices  in  the  SRAM  cell  are  assumed  to  be  fabricated  simultaneously  and,  thus, 
have  the  same  process  transconductance  parameter  k'n.  When  the  access  inverter  load  and 
driver  currents  are  equal,  the  relationship  between  aspect  ratios  is  given  by 


m  _ (WA  2(VPP  ~VTn)VOL  ~VOL 

\  L  /«  v  L  /n  ,,  it  ,ii  .  „ 4 


n[[VDD-VOL-VT.(V0L)]' 
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where  the  "a"  subscript  refers  to  the  access  transistor.  To  obtain  equation  (2.5),  the  NOT 
DATA  node  and,  thus,  the  gate  of  T1  have  been  set  equal  to  the  supply  rail.  The  threshold 
voltage  is  written  as  Vxa(VoL)  since  it  is  a  function  of  Vol-  It  includes  body  bias  effects 
and  must  be  calculated  for  each  iteration  in  solving  equation  (2.5).  Values  for  Vol  are 
plotted  in  Fig.  2-6  for  selected  access  and  NMOS  transistor  aspect  ratios  as  shown.  A 
smaller  Vol  provides  for  a  larger  noise  margin  and  a  more  stable  RAM  cell  during  a  read 
access  event  Inspection  of  Fig.  2-6  reveals  that  the  value  of  Vol  decreases  when  (W/L)a 
decreases  or  when  (W/L)n  increases.  However,  the  channel  length  of  the  access  transistor 
cannot  be  increased  without  limit  since  the  speed  of  the  write  operation  and  cell  dimensions 
are  also  affected.  Similarly,  the  size  of  the  inverter  NMOS  transistor  may  not  be  increased 


Figure  2-6.  Output  Low  Voltage  of  Access  Inverter.  Data  are  provided  for  selected 
access  transistor  aspect  ratios  with  (W/L)n  as  a  parameter. 
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without  affecting  other  cell  design  parameters.  For  example,  a  larger  (W/L)n  has  a 
negative  effect  on  V*  and  Vil  as  discussed  in  the  previous  two  sections. 

2.3  CMOS  SRAM  Cell  Stability 

A  potential  problem  in  static  RAM  cells  is  temporary  loss  of  data  or  an  upset  event 
Such  loss  of  data  can  occur  under  static  or  dynamic  conditions  and  may  be  caused  by 
ionizing  radiation  [31, 52]  or  a  variety  of  other  events  such  as  internal  currents  and 
threshold  voltage  shifts  [34].  The  likelihood  of  a  soft  error  or  loss  of  data  is  reduced  by 
including  a  noise  margin  as  part  of  the  SRAM  cell  design.  A  CMOS  static  RAM  cell  is 
most  susceptible  to  an  upset  event  during  the  initial  stage  of  an  electrical  read  operation.  In 
particular,  transferring  a  logic  zero  to  a  precharged  BIT  line  must  not  cause  the  state  of  the 
DATA  node  to  change  to  a  logic  one. 

In  this  section,  two  approaches  to  calculating  the  noise  margin  are  presented.  The 
first  approach  is  to  extract  the  low  noise  margin  from  the  inverter  parameters  discussed  in 
Section  2.2.  Those  results  are  then  compared  to  the  second  noise  margin  which  is  a 
published  method  for  calculating  the  static  noise  margin  (SNM).  Both  analyses  are  based 
on  cell  stability  criteria  during  a  logic  zero  read  operation. 

2.3.1  Low  Noise  Margin 

The  noise  margin  for  the  CMOS  SRAM  cell  is  defined  as  the  minimum  noise  voltage 
that  will  cause  a  logic  zero  level  to  exceed  the  input  low  voltage  of  the  cross-coupled 
inverters.  Thus,  based  on  the  inverter  design  parameters,  the  low  noise  margin  is  written 
as  NML  =  Vil  -  Vol»  where  the  input  and  output  low  voltages  have  been  previously 
defined.  Values  for  the  noise  margin  are  plotted  in  Fig.  2-7  for  different  size  access  and 
PMOS  transistors  when  (W/L)n  is  equal  to  4/2.  Figure  2-8  shows  the  NML  when  (W/L)n 

is  equal  to  3/2.  Only  positive  values  of  noise  margin  are  shown  in  the  graphs. 
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Figure  2-7.  CMOS  Static  RAM  Cell  Low  Noise  MargL..  Data  are  for  selected 
PMOS  transistor  sizes  with  access  transistor  aspect  ratio  as  a  parameter  and 
(W/L)n=  4/2. 


(f). 


Figure  2-8.  CMOS  Static  RAM  Cell  Low  Noise  Margin.  Data  are  for  selected 
PMOS  transistor  sizes  with  access  transistor  aspect  ratio  as  a  parameter  and 
(W/L)n=  3/2. 
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The  values  chosen  for  access,  PMOS,  and  NMOS  transistor  aspect  ratios  must  yield 
a  positive  value  for  the  noise  margin.  A  larger  noise  margin  implies  improved  stability 
during  the  read  cycle  of  the  RAM  cell.  The  required  margin  depends  on  the  application  of 
the  SRAM  cell.  Since  both  Vil  and  Vol  depend  on  the  size  of  the  NMOS  transistor,  a  new 
set  of  NML  curves  is  required  for  each  value  of  (W/L)n.  The  results  shown  in  Figs.  2-7 
and  2-8  reveal  the  actual  trends  in  cell  stability  when  the  channel  length  of  any  of  the  six 
transistors  is  changed.  The  figures  show  an  improved  noise  margin  when  (W/L)a 
decreases  or  when  (W/L)p  increases.  Although  both  Vjl  and  Vol  increase  when  (W/L)n 
decreases,  a  comparison  of  the  two  graphs  shows  a  net  decrease  in  noise  margin.  This 
may  be  further  explained  by  a  larger  change  in  output  low  voltage  than  input  low  voltage 
for  a  given  change  in  (W/L)n. 

2.3.2  Static  Noise  Margin  of  a  CMOS  SRAM  Cell 

The  second  approach  to  noise  analysis  is  the  analytical  measure  of  cell  stability  based 
on  a  complete  CMOS  SRAM  cell  discussed  in  this  section.  Seevinck  et  al.  [35]  derived 
explicit  equations  for  the  static  noise  margin  of  a  six-transistor  static  RAM  cell  using  basic 
MOSFET  models.  By  neglecting  second-order  effects  and  linearizing  the  inverter  transfer 
characteristics  about  an  operating  point,  a  fourth-order  representation  of  the  noise  voltage 
was  reduced  to  a  second  order  expression.  The  equations  could  then  be  solved  by 
application  of  the  double-root  stability  criterion.  The  validity  of  this  analytical  model  is 
supported  by  computer  simulations  of  both  the  logic  zero  read-access  mode  and  the  data- 
retention  mode  in  which  the  access  transistors  are  held  in  cutoff  by  a  low  word  line.  The 
major  shortcoming  of  the  analytical  model  is  that  the  n-channel  and  p-channel  device 
threshold  voltages  are  assumed  to  be  of  the  same  magnitude.  Results  of  the  static  noise 
margin  (SNM)  analysis  will  be  compared  with  the  NML  analysis  described  in  the  previous 
section. 
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Like  the  low  noise  margin,  the  SNM  must  be  a  positive  number  for  cell  stability 
during  read  access.  Since  it  is  based  on  a  complete  CMOS  static  RAM  cell,  the  SNM  is  not 
useful  for  the  design  of  optoelectronic  SRAM  cells  discussed  in  a  later  chapter.  The  SNM 
is  presented  here  primarily  for  verification  of  the  NML  calculations  in  Section  2.3.1. 

Where  appropriate,  the  low  noise  margin  based  on  inverter  parameters  will  then  be  used  for 
design  of  optical  applications  in  Chapter  5. 

The  static  noise  margin  is  given  in  [35]  as 


where  Vt  =  Vrn  =  1VtpI.  Parameters  introduced  in  equation  (2.6)  are  defined  in  Table  2-2. 
The  two  most  important  parameters  are  r  =  Bn/Ba  and  q  =  Bp/Ba.  For  a  maximum  SNM, 


Table  2-2.  Definitions  of  SNM  Parameters. 


both  r  and  q  must  be  as  large  as  possible.  This  agrees  with  previous  arguments  since  a 
larger  NMOS  device  reduces  the  Vol  of  the  read-access  inverter  and  a  larger  PMOS 
transistor  increases  the  inverter  Vn,.  It  can  be  shown  that  the  SNM  decreases  when  device 
threshold  voltages  decrease  or  when  temperature  increases.  The  SNM  may  be  utilized  as  a 
measure  of  stability  for  an  existing  circuit,  or  as  a  tool  for  SRAM  cell  iterative  design. 

Since  the  published  expression  for  static  noise  margin  is  based  on  a  single  threshold 
voltage,  an  error  is  introduced  when  V-m  *  IVxpl.  As  shown  in  Table  A-l,  the  fabrication 
process  used  here  does  not  satisfy  this  condition.  A  difference  of  approximately  0.25  volts 
is  typical.  Thus,  a  new  expression  for  static  noise  margin  has  been  derived  for  a  CMOS 
SRAM  cell  in  which  Vxn  *  rVxpl.  The  analysis  gives: 


S  NM  =  VTn  - 


1 

'v  2r+1  v  V 

DD  r+1  VTn  DD 

-VTn- 

VTP 

k  + 1 

1+k(r+l)  J  +  T  +  V 

ri 

(l+2k+|k2) 

) 

(2.7) 


where  the  voltages  in  Table  2-2  are  redefined  as 


and 


(2.8) 

(2.9) 


The  static  noise  margin  is  plotted  in  Fig.  2-9  for  (W/LX,  =  4/2  and  the  same  access 
and  PMOS  transistor  aspect  ratios  in  Fig.  2-7.  Values  shown  for  the  SNM  are  similar  to 
those  given  in  Fig.  2-7  for  the  low  noise  margin.  For  comparison,  the  SNM  and  NML 
curves  for  (W/L),  =  3/4  are  plotted  on  the  same  axis  in  Fig.  2-10.  The  plot  shows  that  the 
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Figure  2-9.  Static  Noise  Margin  for  a  CMOS  SRAM  Cell.  Data  are  for  selected 
PMOS  transistor  sizes  with  access  transistor  aspect  ratio  as  a  parameter  and 
(W/L)n=  4/2. 

NML  is  slightly  larger  than  the  SNM.  However,  when  (W/L)p<l,  the  SNM  and  NML  are 
nearly  the  same.  Results  similar  to  those  in  Fig.  2-10  also  hold  for  other  combinations  of 
access  and  NMOS  transistor  sizes.  Thus,  for  a  particular  range  of  PMOS  transistors,  the 
NML  is  adequately  close  to  the  static  noise  margin  to  be  useful  for  design  of  CMOS  static 
RAM  cells. 

2.4  CMOS  SRAM  Cell  Simulation  Results 

The  operation  of  a  simple  six-transistor  SRAM  cell  was  verified  using  the  SPICE 
circuit  simulator.  The  model  parameters  listed  in  Table  A- 1  were  extracted  from  three 
fabrication  runs  and  averaged  for  use  in  the  simulations.  Aspect  ratios  for  the  respective 
transistors  were  chosen  as  (W/L)a  =  (W/L)p  =3/4  and  (W/L)n  =  4/2.  Figure  2-1 1  illustrates 
the  read  and  write  operation  of  the  cell.  The  value  of  Vql  for  the  access  inverter  is  labeled 
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Figure  2-10.  Comparison  of  CMOS  SRAM  Cell  Static  and  Low  Noise  Margins. 

Data  are  for  (W/L)a=  3/4  and  (W/L)n=  4/2. 

as  READ  ZERO.  When  this  voltage  is  excessive,  a  soft  error  may  occur.  The  transition  of 
the  DATA  and  NOT  DATA  nodes  is  shown  in  Fig.  2-12.  Since  these  nodes  correspond  to 
the  cross-coupled  inverter  inputs  and  outputs,  the  inverter  threshold  may  be  extracted  from 
the  graph.  The  value  of  Vth  is  not  significantly  changed  by  cross-coupling.  Finally,  the 
inverter  may  be  extracted  from  the  voltage  transfer  curve  of  Fig.  2-13.  Simulations 
with  and  without  cross-coupling  gave  the  same  results  for  Vil- 

Numerical  values  for  design  parameters  and  the  NML  have  been  extracted  from  the 
simulation  results  in  Figs.  2-1 1  through  2-13  and  listed  in  Table  2-3  for  comparison  with 
the  predicted  values  and  the  SNM.  All  numbers  pertain  to  the  specific  SRAM  cell 
described  at  the  beginning  of  this  section.  Examination  of  the  table  reveals  a  favorable 
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Figure  2-11.  Timing  Diagram  for  a  CMOS  SRAM  Cell. 


Figure  2-12.  Transition  of  CMOS  SRAM  Cell  Data  Storage  N'vles. 
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Table  2-3.  Full-CMOS  SRAM  Cell  Simulation  Results. 


PARAMETER 

CALCULATED 

SPICE 

VOL 

0.51 

0.45 

VIL 

1.37 

1.31 

Vth 

1.91 

1.88 

NML 

0.86 

0.86 

SNM 

0.84 

— 

comparison  between  the  theoretical  and  the  simulation  results.  The  simulations  also 
support  the  similarity  between  the  SNM  and  the  NML  when  (W/L)P<1. 

In  summary,  several  design  parameters  for  single  and  cascaded  CMOS  inverters  have 
been  applied  to  cross-coup;ed  inverters.  A  static  noise  margin  has  been  derived  for  CMOS 
SRAM  cells  and  used  to  verify  the  inverter  parameter  approach  to  cell  design  and  analysis. 
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The  low  noise  margin,  which  is  extracted  from  the  input  and  output  low  voltages,  has  been 
shown  to  be  valid  for  a  specific  range  of  PMOS  transistor  aspect  ratios.  Although  the 
individual  parameters  may  be  used  for  the  standard  six-transistor  cell,  they  also  apply  to 
SRAM  cells  modified  to  store  optical  data.  The  optoelectronic  SRAM  cells  are  discussed 
later  in  this  thesis.  Since  photodetectors  are  fundamental  to  electronic  storage  of  optical 
data,  modeling  of  those  devices  will  be  discussed  in  the  next  chapter. 
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CHAPTER  3 


PHOTODETECTORS  FOR  CMOS  INTEGRATED  CIRCUITS 

Photodetectors  encompass  a  wide  variety  of  devices,  including  pn  junction  diodes 
and  phototransistors  [53].  This  chapter  examines  silicon  photodetection  devices  that  may 
be  fabricated  in  bulk  CMOS  processes  without  additional  fabrication  steps.  Since  the 
devices  are  for  specific  optoelectronic  applications,  only  pn  junction  diodes  and 
phototransistors  which  are  compatible  with  standard  p-well  processes  are  considered. 
Photoconductors  are  ignored  because  these  devices  generally  have  a  slow  transient 
response,  as  well  as  high  laser  power  requirements  [23]. 

Discrete  devices  designed  specifically  for  photodetection  are  available  in  many 
different  configurations  and  offer  a  wide  range  of  performance  characteristics.  A  type  of 
detector  can  be  selected  based  on  general  requirements  and  then  fabricated  to  meet  special 
conditions.  Unlike  discrete  devices,  the  photodetectors  discussed  in  this  chapter  must  be 
derived  from  an  existing  fabrication  process.  Consequently,  very  little  design  flexibility  is 
possible.  For  the  optoelectronic  applications  presented  in  this  thesis,  the  most  serious 
limitations  of  these  detectors  are  restricted  junction  depths  and  narrow  depletion  layers. 

Several  photodetector  configurations  that  can  be  fabricated  in  a  CMOS  integrated 
circuit  are  described  in  the  next  section  of  this  chapter.  The  discussion  then  concentrates  on 
the  detection  process  for  a  simple  pn  junction  diode.  The  remainder  of  the  chapter 
addresses  performance  and  model  requirements,  and  proposes  two  models  for  a  pn 
junction  photodiode.  These  models  allow  the  simultaneous  simulation  of  photodetectors 
and  electronic  circuits  using  the  SPICE  circuit  simulator. 
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3.1  Detector  Configurations 

The  purpose  of  this  section  is  to  describe  four  photodetector  device  configurations 

that  may  be  fabricated  in  a  bulk  CMOS  p-well  process.  Similar  devices  with  the  p  and  n 
regions  reversed  apply  to  n-well  processes.  A  discussion  of  the  fabrication  steps  and 
special  characteristics  is  provided  for  each  device.  The  vertical  pn  junction  diode  will  be 
presented  last,  since  it  is  the  basis  for  the  discussion  in  the  remainder  of  the  chapter. 

Figure  3-1  shows  a  cross-sectional  view  of  three  photodetection  devices  that  may  be 
fabricated  along  with  CMOS  circuits.  The  lateral  npn  phototransistor  in  Fig.  3- 1(a)  is 
similar  to  an  n-channel  MOSFET  without  a  polysilicon  gate.  An  n+  implant  forms  the 
transistor  collector  and  emitter  at  the  same  time  as  the  n-channel  device  drain  and  source 
during  fabrication.  Although  the  p-well  base  contact  is  omitted,  one  of  the  pn  junctions 
will  be  forward  biased  during  the  detection  process.  Light  absorption  in  the  depleted  base 
region  creates  electron-hole  pairs  and  biases  the  transistor  into  the  active  region.  When 
used  as  a  photodetector,  the  npn  transistor  has  a  slower  transient  response  time  than  a 
photodiode;  however,  the  device  also  offers  significant  current  gain  [54].  Reduction  of  the 
base  width  increases  the  current  gain  of  the  transistor,  but  reduces  the  light  sensitive  area  of 
the  device.  A  larger  photocurrent  with  a  lower  current  gain  is  favored  since  the  base- 
collector  capacitance  charging  time  tends  to  be  the  limiting  performance  factor  in 
phototransistors  [23]. 

The  photodetector  in  Fig.  3- 1(b)  has  four  distinct  regions  when  the  contact  implants 
are  considered.  It  is  termed  a  lateral  diode  since  the  most  efficient  photon  absorption 
occurs  in  the  section  of  the  depletion  layer  between  the  contacts  for  the  p-well  and  the 
substrate.  The  photocurrent  thus  flows  laterally  to  the  p-well  contact.  The  device  has  a 
good  transient  response  and  low  parasitic  capacitance,  both  of  which  are  due  to  the 
relatively  large  depletion  layer  caused  by  the  lightly  doped  substrate  and  p-well.  Since 
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Figure  3-1.  Photodetectors  for  a  Bulk  CMOS  Fabrication  Process,  (a)  Lateral  npn 
phototransistor,  (b)  Lateral  pn  photodiode,  (c)  Vertical  npn  phototransistor. 
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most  of  the  photocurrent  originates  in  less  than  one-third  of  the  depletion  layer,  the  ratio  of 
effective  detector  area  to  device  area  is  poor. 

An  n+  implant  is  added  to  the  lateral  diode  to  obtain  the  vertical  npn  transistor  in  Fig. 
3- 1(c).  Although  the  base  is  too  wide  for  this  device  to  be  a  high  current  gain  transistor,  it 
works  very  well  as  a  photodiode.  When  both  n+  regions  are  connected  to  Vdd,  the  device 
is  a  photocurrent  source  for  a  load  connected  to  the  p+  implant  ohmic  contact.  This 
configuration  is  a  bipolar  transistor  with  the  collector-emitter  voltage  set  to  zero.  With  the 
p-well  contact  connected  to  ground,  the  detector  is  a  photocurrent  sink  for  a  load  connected 
to  the  n+  implant  inside  the  well.  For  the  latter  configuration,  the  incident  light  must  be 
oriented  to  generate  most  of  the  electron-hole  pairs  in  the  depletion  layer  associated  with  the 
n+  implant 

Figure  3-2  shows  a  vertical  pn  junction  diode  fabricated  during  the  drain/source 
implants  for  the  p-channel  and  n-channel  MOSFETS.  The  n+  substrate  contact  is  connected 
directly  to  Vdd  and  reverse  biases  the  pn  junction.  The  photocurrent  from  carriers 
generated  below  the  surface  of  the  device  is  supplied  to  a  load  connected  at  the  p+  region 
ohmic  contact  Other  photodetectors  have  been  fabricated  and  tested  as  part  of  this 
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Figure  3-2.  Vertical  pn  Junction  Photodiode 
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research;  however,  the  vertical  pn  diode  is  die  primary  detection  device  used  in  the 
optoelectronic  work  presented  in  this  thesis.  Due  the  importance  of  this  device,  the 
remainder  of  this  chapter  will  be  devoted  to  its  analysis  and  model  development. 

3.2  Analysis  of  a  pn  Junction  Photodiode 

For  the  pn  junction  photodiode  in  Fig.  3-3,  the  donor  concentration  in  the  n-  region  is 
much  less  than  the  acceptor  concentration  in  the  p+  region.  Thus,  the  depletion  layer 
appears  mosdy  in  the  n-  substrate  as  shown.  When  photons  with  energy  greater  than  the 
bandgap  energy  (~  1.1  eV  for  silicon)  are  absorbed  by  the  detector,  electron-hole  pairs  are 
generated  in  the  p+  implant,  depletion,  and  n-  substrate  regions.  Photocurrent  flows  in  the 
diode  when  the  high  electric  field  across  the  depletion  region  causes  holes  and  electrons  to 
drift  toward  the  p+  and  n-  regions,  respectively.  The  total  photocurrent  Ip  is  the  sum  of  the 
hole  and  electron  currents.  Sinoe  a  large  electric  field  exists  only  across  the  depletion  layer, 
carriers  generated  in  the  n-  bulk  region  are  not  immediately  included  in  the  drift  current 
Some  of  the  holes  generated  in  the  bulk  region,  but  within  a  diffusion  length  of  the 
depletion  layer,  diffuse  to  the  device  junction  and  contribute  to  the  output  photocurrenL 


Figure  3-3.  Cross-sectional  View  of  a  pn  Junction  Photodiode. 
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Electrons  and  holes  generated  by  photon  absorption  deep  in  the  bulk  region  may  recombine 
or  diffuse  away  from  the  junction.  In  the  latter  case,  crosstalk  [55]  may  affect  the  operation 
of  other  devices  in  the  circuit.  Major  losses  in  silicon  photodiodes  are  caused  by 
recombination  in  the  bulk  region  below  the  area  depleted  of  free  carriers,  recombination  at 
the  silicon  surface,  and  reflection  from  the  front  surface  [56]. 

In  the  remainder  of  this  section,  the  static  and  dynamic  characteristics  of  the  pn 
junction  photodiode  are  addressed.  The  discussion  includes  basic  diode  characteristics, 
photodetector  efficiency,  and  photodiode  model  parameters. 

3.2.1.  Diode  Equivalent  Circuit 

A  simple  equivalent  circuit  of  a  silicon  pn  junction  diode  is  shown  in  Fig.  3-4. 
Resistor  Rs  includes  the  series  resistance  of  the  p+  implant,  the  ohmic  contacts,  and  the 


Figure  3-4.  Diode  Equivalent  Circuit  [57]. 


bulk  region.  The  resistance  and  capacitance  of  the  junction  depletion  region  are  shown  as 
Rj  and  Cj,  respectively.  For  most  photodiodes  fabricated  in  a  p-well  CMOS  process,  the 
pn  junction  is  reverse  biased  when  no  light  is  applied.  This  is  due  to  the  requirement  that 
the  substrate  be  connected  to  the  most  positive  voltage.  Under  this  condition,  Rj  is  much 
greater  than  the  series  resistance  and  is  determined  by  the  bias  voltage  and  reverse  current 
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of  the  diode.  The  value  of  Cj  decreases  with  increasing  depletion  layer  thickness  (or 
increasing  reverse  bias  voltage)  and  is  given  by 


C. 

J 


(3.1) 


where  £  *  is  the  permittivity  of  silicon,  W  is  the  junction  depletion  layer  width,  and  A  is  the 

bottom  and  sidewall  area  of  the  p+  implant  When  the  pn  junction  is  reverse  biased,  the 
depletion  layer  width  is  given  by 


W  = 


fNA+ND\ 
l  NAND  / 


Vbi+VR) 


(3.2) 


where  q  is  the  electronic  charge,  Vbi  the  "built-in"  potential  across  the  depletion  layer,  Vr 
the  externally  applied  reverse  bias  voltage,  and  Na  and  No  the  acceptor  and  donor  impurity 
concentrations,  respectively.  Using  values  in  Table  A-l,  W  is  approximately  3.75  |im 
when  Vr=Vdd=5  volts. 


3.2.2  Diode  Photocurrent 

When  a  constant  light  beam  is  incident  on  a  photodiode,  a  steady-state  current  flows 
in  the  device.  The  illuminated  photodiode  may  be  modeled  simply  by  adding  an 
independent  current  source  to  the  circuit  in  Fig.  3-4  to  obtain  Fig.  3-5.  The  theoretical 
photocurrent  Ip  in  a  detector  device  is  generally  given  by 


(3.3) 
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Figure  3-5.  Steady-state  Model  of  a  Photodiode  [26]. 


where  t]  is  the  quantum  efficiency,  P0  is  the  incident  optical  power,  and  ho  is  the  photon 

energy  [58].  The  quantum  efficiency,  which  is  defined  as  the  number  of  electron-hole 
pairs  generated  per  photon  incident  on  the  detector  [59],  is  a  function  of  wavelength  [53] 
and  device  depth.  At  light  wavelengths  near  0.8  pm,  the  quantum  efficiency  for  silicon  can 
approach  100%  when  the  thickness  of  the  device  is  at  least  several  light  penetration  depths. 
The  penetration  depth  is  the  point  at  which  the  transmission  is  0.368  (e1).  In  a  CMOS 
integrated  circuit,  this  requirement  is  not  met  since  the  typical  junction  depth  is  only  about 
0.5  pm,  while  the  light  penetration  depth  for  silicon  is  approximately  10  pm  [22]. 
Published  quantum  efficiency  data  [53]  only  applies  directly  to  devices  greater  than  6.5 
penetration  depths  in  thickness.  For  example,  when  the  device  depth  is  6.6  penetration 
depths  the  possible  absorption  rate  is  99.9%.  Although  a  detector  in  a  CMOS  circuit  may 
potentially  have  a  high  absorption  rate,  the  photons  absorbed  deep  in  the  substrate  are 
included  in  quantum  efficiency,  but  are  not  converted  to  output  current  Thus,  both  internal 
and  external  quantum  efficiency  [54, 60]  are  required  for  determination  of  the  photocurrent 
in  detectors  addressed  in  this  chapter. 

A  more  precise  expression  for  the  photocurrent  in  a  shallow  detector  is  [26] 


=  [£<>fV)(I_ 
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where  Aj  and  Ab  are  the  detector  area  and  incident  light  beam  area,  respectively.  These 
two  parameters  are  used  when  the  detector  area  is  less  than  the  incident  beam  area;  the  ratio 
cannot  be  greater  than  unity.  The  reflection  coefficient  (r)  applies  to  reflection  at  the 
detector  surface,  while  a  and  x  are  the  absorption  coefficient  and  penetration  depth  into  the 
device,  respectively.  For  shallow  photodetectors,  the  penetration  depth  in  equation  (3.4) 
refers  to  the  largest  penetration  at  which  photon- generated  carriers  contribute  to  the  current, 
instead  of  the  total  depth  of  photon  absorption.  The  photocurrent  is  discussed  in  more 
detail  in  a  later  section. 

3.2.3  Photodiode  Transient  Response 

As  described  above,  a  portion  of  the  holes  generated  in  the  substrate  are  expected  to 
diffuse  to  the  edge  of  the  depletion  layer.  A  shortcoming  of  equation  (3.4)  is  that  it 
provides  no  information  on  the  time  for  hole  diffusion.  The  hole  diffusion  time  tp  is 
expressed  as  [39] 


(3.5) 


where  Lp  is  the  hole  diffusion  length  and  Dp  is  the  hole  diffusion  constant.  A  typical  value 
for  Dp  in  lightly  doped  silicon  is  13  cm2/s  [61].  The  hole  diffusion  length  is  significantly 
greater  than  the  depletion  layer  width  of  vertical  photodiodes  investigated  in  this  chapter. 
The  time  required  for  holes  to  diffuse  to  the  edge  of  the  depletion  layer  limits  the  transient 
response  of  high  speed  optoelectronic  systems. 

The  speed  of  an  optoelectronic  circuit  is  also  limited  by  the  time  constant  of  the 
detector  circuit  and  load.  Figure  3-6  shows  a  load  capacitor  Cl  and  resistor  Rl  added  to  the 

photodetector  model  of  Fig.  3-5.  Neglecting  the  series  resistance  R*,  the  time  constant  x 
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Figure  3-6.  Model  for  Detector  Circuit  with  RC  Load. 


may  be  written  as 


r-(Rj||RL)(cj  +  cL)  (3.6) 

where  Rj  and  Cj  are  both  functions  of  the  reverse  bias  voltage  applied  to  the  detector.  The 
voltage  dependence  of  these  parameters  effects  the  transient  response  in  a  manner  that  is  not 
included  in  the  model. 

3.3  Development  of  Improved  Photodetector  Models 

Husain  [16]  and  Goodman  et  al.  [9]  suggested  optical  systems  as  a  means  of 
overcoming  interconnect  problems  in  VLSI  circuits.  Prior  to  that  time,  the  diode  small 
signal  model  adequately  emulated  pn  junction  photodetectors  in  most  applications  [58, 62]. 
The  emergence  of  optical  interconnects  and  related  technologies  such  as  optical  ROM-to- 
electronic  RAM  data  transfer  has  introduced  a  need  for  models  which  better  approximate 
large  signal  operation  of  a  photodetector.  Other  than  piecewise-linear  models  [63],  few 
special  techniques  are  available  for  large  signal  modeling  of  reverse  biased  diodes. 
However,  development  of  an  ideal  photodetector  model  is  not  the  intent  of  this  chapter.  A 
practical  model  need  only  provide  accurate  theoretical  and  simulation  results  within 
constraints  defined  by  the  user.  The  required  accuracy  depends  on  the  application  for  the 
device. 
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A  simple  photodiode  model  was  described  in  Section  3.2.  The  in-depth  discussion 
of  the  photodetection  process  in  this  section  will  be  the  basis  of  several  proposed 
improvements  to  photodiode  models.  This  treatment  of  photodetection  devices  focuses  on 
the  flow  of  current  in  a  pn  junction  diode  during  dark  conditions  as  well  as  illumination. 

3.3.1  Average  Diode  Capacitance 

The  photodiode  junction  capacitance  is  a  function  of  the  reverse  bias  voltage  applied 
to  the  detector.  As  the  depletion  layer  width  decreases,  Cj  increases.  The  potential  increase 
in  junction  capacitance  may  be  significant  to  the  response  of  the  detector  circuit  Using 
typical  parameters  for  a  2  pm  CMOS  process ,  the  junction  capacitance  of  a  10  pm  x  10  pm 
detector  with  a  junction  depth  of  0.5  pm  is  calculated  to  be  approximately  3.4  fF  when  the 
photodetector  reverse  bias  is  5  volts.  As  Vr  decreases  towards  zero,  Cj  approaches  9  fF, 
which  is  an  increase  of  166%.  The  capacitance  of  the  10  pm  x  10  pm  detector  is  shown  as 
a  function  of  reverse  bias  voltage  in  Fig.  3-7.  In  small  signal  models,  the  DC  operating 
point  determines  the  capacitance  value,  which  may  be  taken  as  constant  for  small  voltage 
variations.  This  approximation  does  not  hold  for  large  signal  applications.  Thus,  the 
depletion  capacitance  must  be  approximated  by  a  polynomial,  by  piecewise-linear  values, 
or  perhaps  by  the  linear  average  value  described  below. 

The  average  value  of  capacitance  may  be  defined  as  the  total  change  in  charge  on  the 
capacitor  as  voltage  varies  from  one  value  to  another,  divided  by  the  voltage  change  [64]. 
The  average  capacitance  value  when  Vr  changes  from  Vj  to  V2  may  be  written  as 

„  Q(V2)-Q(Vj)  (3.7) 

CAV=  V2-Vl 

where  Q(Vi)  and  Q(V2>  are  the  values  of  charge  on  the  capacitor  at  the  respective  voltages. 
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Figure  3-7.  Junction  capacitance  as  a  function  of  reverse  bias  voltage  for  a 
10  pro  x  10  pm  photodetector. 


The  totai  change  in  charge  is 


V2  dQ 
V,  dV 


C.dV 

) 


(3.8) 


where  Cj  is  the  junction  capacitance  of  the  diode  as  defined  in  equation  (3.1)  and  V  is  used 
in  place  of  Vr  for  convenience.  The  average  capacitance  can  now  be  written  as 


(3.9) 
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Substituting  equations  (3.1)  -  (3.2)  and  performing  the  integration,  gives  the  average 
value  of  capacitance  for  an  abrupt  pn  junction  as 


„  i  i 

CAV-7V  -V)  l(Vb.+V2)  -(Vb,  +  Vl) 


(3.10) 


where  N*  »  No  and  V2  >  Vi  have  been  assumed.  Typically,  Vj  is  the  dark  output 
voltage  of  the  detector  and  V2  the  maximum  output  during  illumination.  This  expression 
for  capacitance  can  be  used  as  a  parameter  for  an  improved  photodiode  model. 

3.3.2  Photocurrent  Approximation 

The  relationships  between  photon  absorption,  device  junction  depth,  and  current 
were  briefly  discussed  in  Section  3.2.2.  In  this  section,  photon  absorption  in  a  pn  junction 
diode  and  the  components  of  equation  (3.4)  will  be  further  investigated. 

Figure  3-8  is  a  plot  of  absorption  coefficient  and  penetration  depth  as  a  function  of 
wavelength  for  silicon.  It  is  evident  that  for  most  of  the  wavelengths  shown,  the  light 
penetration  depth  is  greater  than  the  junction  depth  of  a  photodiode  in  a  CMOS  circuit 
Thus,  the  exponential  term  in  equation  (3.4)  is  necessary  to  determine  the  fraction  of 
incident  photons  that  are  absorbed  in  the  vicinity  of  the  junction  of  a  shallow  photodiode. 

The  photocurrent  for  a  shallow  detector  may  be  calculated  using  equation  (3.4)  and 
Fig.  3-8  when  the  wavelength  of  the  incident  light  or  the  absorption  coefficient  is  known. 
Since  the  light  penetration  goes  well  beyond  the  depth  of  the  junction  depletion  layer, 
assumptions  must  be  made  concerning  the  contribution  of  diffused  carriers  to  the  total 
current  The  most  common  approach  is  to  let  the  active  region  of  the  detector  be  the 
depletion  layer  plus  the  part  of  the  substrate  that  is  within  one  diffusion  length  of  the  edge 
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Figure  3-8.  Absorption  Coefficient  and  Penetration  Depth  for  Silicon  [56]. 

of  the  depleted  area,  i.e.,  x  =  W  +  Lp  [55].  This  neglects  the  bottom  portion  of  the 
substrate,  the  detector  surface,  and  the  p+  implant.  Since  the  diffusion  length  is  the  average 
distance  a  carrier  is  expected  to  travel  in  one  direction,  the  actual  length  the  active  region 
extends  into  the  substrate  depends  on  the  geometry  of  the  device.  Absorption  at  the 
surface  and  p+  regions  may  be  accounted  for  by  multiplying  equation  (3.4)  by  exp(-axj), 
where  xj  is  the  junction  depth.  It  can  be  shown  that  only  about  5%  of  the  photons  are 
absorbed  above  the  junction.  Some  of  the  holes  generated  in  those  regions  recombine  with 
electrons  at  the  surface. 

The  transmittance  (1-r)  is  the  percentage  of  incident  photons  penetrating  the  silicon 
surface,  where  the  reflectance  (r)  is  the  percentage  of  light  reflected.  Generally,  when  light 
is  at  normal  incidence,  the  reflectance  at  the  boundary  between  two  media  of  refractive 
indices  no  and  ni  is  determined  by  [65] 

2 

fnl~  Hp")  (3.11) 

lni  +  noJ  ' 
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The  reflectance  between  air  (no  =  1)  and  silicon  (n2  =  nsi  *  3.5)  [61]  is  approximately 
30%.  However,  when  an  antireflection  coating  having  an  index  of 


n  = 


(3.12) 


and  a  thickness  of  a  quarter  wavelength  is  applied  to  the  silicon  surface,  the  reflectance  is 
reduced  to  near  zero.  The  oxide  layer  on  the  surface  of  a  silicon  wafer  serves  as  a  good 
antireflection  coating  since  it  has  a  refractive  index  between  1.45  and  1.9  [53, 66].  Thus, 
neglecting  the  reflectance  r  in  equation  (3.4)  may  be  acceptable  based  on  the  value  of  the 
oxide  layer  refractive  index. 

Equation  (3.4)  neglects  the  changes  in  depletion  layer  width  during  the  detection 
process.  The  depletion  region  decreases  during  the  detection  process  due  to  the  increase  in 
the  number  of  free  carriers  in  the  substrate.  The  depletion  layer  also  decreases  when  the 
reverse  bias  voltage  across  the  diode  decreases.  This  occurs  during  the  detection  process 
as  the  detector  load  voltage  increases.  The  expression  for  photocurrent  given  in  equation 
(3.4)  for  a  shallow  detector  becomes  a  function  of  depletion  width  as  well  as  reverse  bias 
voltage  when  the  light  penetration  depth  is  replaced  by  (W  +  Lp).  Equation  (3.4)  is  then 
written  as 


OPofV 


hu 


) 


(l-r)](1-c'°(W+Lp)) 


(3.13) 


and  solved  at  a  specific  value  of  voltage  by  replacing  W  by  the  depletion  width  given  in 
equation  (3.2).  Since  the  voltage  across  the  detector  changes  as  the  load  capacitor  charges, 
simulation  of  the  photodiode  operation  requires  calculation  of  the  depletion  layer  width  at 
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each  time  point  Using  SPICE  to  simulate  a  photodetector  circuit  requires  either  a 
concurrent  iterative  analysis  or  a  set  of  approximations  for  equation  (3.13)  which  may  be 
used  directly  in  the  input  file. 

3.3.2.1  Exponential  Series  Approximation 

A  simple  approximation  [55]  is  obtained  by  using  an  exponential  series  expansion 
and  neglecting  higher  order  terms.  Equation  (3.13)  is  then  written  as 


Treating  exp(-aLp)  as  a  constant,  leaves  equation  (3.14)  without  an  exponential  term; 
however,  the  function  is  still  not  linear  since  the  depletion  width  is  a  function  of  the  square 
root  of  the  reverse  bias  voltage.  The  series  expansion  approximation  is  valid  when  the 
dopant  concentration  in  the  substrate  is  such  that  oW  «  1.  As  shown  in  Fig.  3-9, 
equation  (3.14)  deviates  from  equation  (3. 1 3)  when  the  depletion  layer  width  is  large.  The 
graph  is  based  on  parameters  in  Table  A-l,  which  shows  a  relatively  low  value  for  the 
substrate  concentratior  vhe  maximum  depletion  layer  width  calculated  from  values  in  the 
table  is  approximately  4  Jim.  Because  of  the  strong  dependence  on  the  fabrication  process, 
equation  (3.14)  is  not  necessarily  a  good  approximation  for  Ip. 

3.3.2.2  Polynomial  Approximation 

For  SPICE  simulations,  the  photocurrent  may  be  characterized  as  a  nonlinear 
dependent  current  source  with  the  diode  reverse  bias  voltage  as  an  argument  This  is 
possible  if  the  exponential  term  in  equation  (3.13)  is  replaced  by  a  polynomial 
approximation.  The  resulting  one-dimensional  voltage-controlled  current  source  may  be 
entered  directly  into  a  SPICE  input  file.  By  combining  the  terms  in  equation  (3.13)  which 
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have  no  voltage  dependence,  the  photocurrent  can  be  written  as 


ip  =  k(i  -  C~a*w+Lp)) 

where 


K  = 


(3.15) 


(3.16) 


Equation  (3.15)  is  plotted  in  Fig.  3-10  with  K  normalized  to  unity  for  convenience.  The 
change  in  normalized  photocurrent  shown  in  the  figure  can  be  approximated  by  a  second 
order  polynomial  with  a  small  error,  or  a  third  order  polynomial  with  negligible  error. 
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Figure  3-10.  Normalized  Photocurrent.  The  exponential  curve  and  the  second  order 
polynomial  approximation  are  shown.  The  third  order  polynomial  approximation 
coincides  with  the  exponential  curve.  Lp=10  fim  and  a=l.O  [im. 


For  the  third  order  polynomial  approximation,  the  curve  fitting  procedure  gives 


(,_.-<***>) -lev*  -3.41V* +237VR+ 0.68  .  (3.17) 


The  photocurrent  is  then  written  as 


Ip  -2.63(K)Vr  -  3.41(K)V*  +  2.37 (K)VR  +0.68(K) .  (3.18) 


This  expression  is  then  entered  into  a  SPICE  input  file  with  the  reverse  voltage  across  the 
diode  as  the  control  parameter. 
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3.3.2.3  Constant  Value  Approximation 


A  constant  value  approximation  of  the  photocurrent  may  be  obtained  by  finding  the 
linear  average  depletion  width  using  a  method  similar  to  that  used  for  the  junction 
capacitance  in  Section  3.3.1.  The  resulting  average  depletion  width  [51]  is  given  as 

2  r^7 

WAV  ~3(\2-Wl)JqND 

where  Vi  and  V2  arc  the  lower  and  upper  limits  for  the  reverse  bias  voltage  across  the 
diode.  Both  values  are  positive  according  to  the  convention  described  previously. 
Substitution  of  equation  (3.19)  into  equation  (3.13)  gives  an  average  value  of  photocurrent 
which  may  be  used  as  a  constant  independent  current  source  in  a  SPICE  simulation. 

3.3.3  Dark  Current 

In  the  absence  of  light,  the  current  in  a  diode  is  the  combined  hole  and  electron 
current  of  the  pn  junction  and  is  given  by  the  Shockley  diode  equation  [67] 


(Vbi+V2)T-(Vbi+Vl)T 


(3.19) 


I 


D 


(3.20) 


where  V  is  the  externally  applied  voltage,  Vj  is  the  thermal  voltage,  and  Io  is  the  reverse 
saturation  current  When  the  diode  is  reverse  biased  (V<0),  the  exponential  term  in 
equation  (3.20)  becomes  small  and  usually  may  be  neglected.  This  gives  the  magnitude  of 
the  reverse  current  as  approximately  equal  to  the  reverse  saturation  current  Since  Io  flows 
in  the  reverse  direction  in  the  diode,  it  adds  to  the  photocurrent  determined  by  equation 
(3.4).  Typically,  Io  is  several  orders  of  magnitude  smaller  than  the  photocurrent  in 
practical  devices  and  is  often  neglected  in  detector  models.  However,  the  reverse  saturation 
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current  is  included  in  noise  equivalent  circuits  [53]  since  it  affects  the  minimum  detectable 
signal. 

According  to  the  Shockley  diode  equation,  the  dark  current  should  be  approximately 
equal  to  the  reverse  saturation  current.  To  more  realistically  model  the  behavior  of  a 
reverse  biased  silicon  diode,  the  current  due  to  generation  and  recombination  in  the 
depletion  region  must  also  be  included  in  the  dark  current  [53, 68].  In  a  silicon  diode  at 
room  temperature,  generation  dominates  recombination  and  causes  a  current  which  is 
much  greater  than  the  reverse  saturation  current  [51].  Thus,  Io  can  generally  be  neglected 
for  the  photodetector  applications  in  this  thesis  since  the  dark  current  is  approximately  equal 
to  the  generation  current 

The  static  photodiode  model  in  Fig.  3-5  can  be  improved  by  including  the  generation 
current.  This  is  particularly  true  when  the  detector  load  resistor  is  large  or  when  the 
photocurrent  is  on  the  order  of  the  dark  current.  The  generation  current  can  be  modeled  as 
a  nonlinear  source  or  as  an  average-valued  constant  source.  The  nonlinear  function  can  be 
found  by  applying  a  curve-fitting  procedure  to  the  changing  depletion  layer  width. 
However,  an  average  value  approximation  is  practical  since  the  photocurrent  usually 
dominates  when  the  depletion  layer  width  changes  during  the  detection  process. 

The  generation  current  Igen  is  given  by 


qnjWA 

IGEN= 


(3.21) 


where  ni  is  the  intrinsic  carrier  concentration,  W  is  the  depletion  width,  and  xe  is  the 
effective  carrier  lifetime  [68].  The  effective  lifetime  may  be  approximated  by  the  sum  of  the 
hole  and  electron  lifetimes  ( \  +  x„ )  [5 1].  The  average  generation  current  can  be 
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determined  by  replacing  W  in  equation  (3.21)  by  the  linear  average  depletion  width  of 
equation  (3.19). 

Besides  being  a  function  of  depletion  width,  the  dark  current  is  also  a  strong  function 
of  temperature  [59].  For  example,  when  die  energy  of  the  incident  light  significantly 
exceeds  the  bandgap  energy,  an  excessive  number  of  thermally  generated  carriers  result  in  a 
larger  dark  current  [55]  when  the  light  is  removed.  The  thermally  generated  current  is  more 
difficult  to  model  due  to  its  dependence  on  the  optical  source.  Although  it  is  acknowledged 
here,  thermal  current  is  not  included  in  the  models  presented  in  this  chapter. 

3.3.4  Average  Junction  Resistance 

The  diode  junction  resistance  is  equal  to  the  reverse  bias  voltage  divided  by  the 
current  flowing  in  the  device.  Under  dark  conditions  the  resistance  is  defined  by 

V  R 

R.=  7——  (3.22) 

J  1GEN 


where  Igen  is  calculated  from  equation  (3.21)  and  the  diode  reverse  saturation  current  is 
neglected.  When  Vr=Vdd  and  Igen  is  calculated  from  the  average  depletion  layer  width, 
the  average  junction  resistance  becomes 


DD 


AV  I 


GEN 


(3.23) 


The  junction  resistance  can  also  be  approximated  by  a  nonlinear  dependent  current  source. 
A  polynomial  approximation  of  Igen  with  Vr  «...  an  argument  becomes  a  nonlinear  resistor 
when  the  source  nodes  are  the  same  as  the  controlling  nodes.  The  junction  resistance 
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would  be  replaced  by  a  current  source,  with  the  voltage  across  the  current  source  as  the 
control  parameter. 

3.3.5  Proposed  Photodiode  Models 

Based  on  the  discussion  in  this  chapter,  two  models  are  proposed  for  SPICE 
simulation  of  pn  junction  photodiodes  fabricated  in  a  CMOS  process.  The  original 
equivalent  circuit  model  discussed  in  Section  32,  and  the  two  new  models  are  shown  in 
Fig.  3-11.  Average  values  have  been  substituted  for  the  original  junction  parameters. 

These  models  may  be  further  improved  by  use  of  the  polynomial  approximations  for  the 
photocurrent  and  junction  resistance  described  previously.  Parameters  for  the  discrete 
element  and  diode  models  are  summarized  in  Table  3-1. 

The  SPICE  circuit  simulator  was  used  to  determine  the  transient  response  of  each  of 
the  three  models  in  Fig.  3-11.  The  simulated  device  is  a  photodiode  fabricated  in  a  2  pm 
p-well  CMOS  process.  The  results  are  for  a  10  pm  x  10  pm  detector  when  the  incident 
light  power  is  20  pW  at  a  wavelength  of  0.63  pm.  Figure  3-12  shows  the  transient 
response  of  the  respective  models  when  the  load  resistance  is  1  MO  and  the  capacitance  is 
20  fF.  All  of  the  results  are  similar  since  the  load  resistance  is  too  small  for  the  dark 
current  of  the  photodetector  to  cause  a  measurable  DC  output  voltage.  The  dark  output 
voltage  must  be  included  in  the  simulations  since  the  detectors  are  used  to  drive  devices 
having  an  input  threshold  voltage. 

For  the  simulation  results  shown  in  Fig.  3-13,  the  load  resistance  was  increased  to 
highlight  the  difference  between  the  models  when  the  dark  current  is  included.  The 
equivalent  circuit  model  has  a  zero  DC  output  voltage  since  it  does  not  account  for  the  diode 
reverse  current  The  discrete  element  and  diode  models  show  a  small  DC  output  voltage 
because  the  dark  current  is  included  in  the  model.  Approximately  the  same  DC  output 
voltage  was  obtained  for  both  models  by  calculating  the  junction  resistance  of  the  discrete 
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Table  3-1.  Photodiode  Model  Parameters 


(a) 
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Figure  3-12.  Transient  Response  of  Photodiode  Models,  (a)  Equivalent 
circuit  model,  (b)  Discrete  element  model,  (c)  Diode  model. 


TIME  (ns) 


Figure  3-13.  Transient  Response  of  Photodiode  Models.  The  effects  of  the  dark 
current  are  shown,  (a)  Equivalent  circuit  model,  (b)  Discrete  element  model. 

(c)  Diode  model. 
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element  model  from  the  generation  current  instead  of  the  reverse  saturation  current  The 
discrete  element  and  the  diode  models  also  gave  similar  results  in  the  transient  analysis. 

The  discrete  element  model  and  the  diode  model  are  recommended  based  on  the 
results  discussed  in  this  section.  The  two  models  are  designed  to  approximate  the  voltage 
dependence  of  model  parameters.  Although  the  diode  model  is  easier  to  implement  the 
discrete  element  model  offers  more  insight  into  the  physical  operation  of  the  detector  as 
well  as  its  limitations. 

3.4  Experimental  Results 

The  DC  characteristics  of  two  photodetectors  were  determined  using  the  experimental 
setup  described  in  Appendix  B.  Although  the  experimental  portion  of  this  research  is 
primarily  intended  to  support  concepts  presented  in  later  chapters,  some  of  the  results  are 
reported  here  to  provide  representative  values  for  the  dark  current  and  photocurrent  flowing 
in  a  detector.  The  layouts  for  a  vertical  pn  junction  photodiode  and  a  vertical  npn  transistor 
are  shown  in  Fig.  3-14.  Substrate  contacts  are  used  to  form  a  guard  ring  on  three  sides  of 
the  light  sensitive  regions.  Both  the  p+  implant  of  the  diode  and  the  p-well  diffusion  of  the 
transistor  measure  50  pm  x  50  pm.  The  n+  implant  of  the  vertical  transistor  is  32  pm  x  26 
pm.  For  both  devices,  the  substrate  and  guard  ring  are  connected  to  a  5  volt  power  supply. 
The  transistor  is  connected  as  a  diode  since  the  n+  implant  is  also  tied  to  Vdd-  The  dark 
current  was  measured  at  34.4  pA  and  36.94  pA  for  the  diode  and  the  transistor, 
respectively.  With  the  room  lights  on,  the  respective  measurements  were  1.04  nA  and  1.3 
nA.  The  dark  current  for  both  devices  is  within  the  range  of  values  expected  for  the 
generation  current.  The  circuit  shown  in  Fig.  3-15  was  used  to  measure  the  responsivity 
of  the  pn  junction  photodiode.  The  voltage  drop  across  200  kfl  resistor  was  measured 
with  a  voltmeter,  while  the  laser  power  was  monitored.  The  photocurrent  and  responsivity 
are  shown  in  Fig.  3-16.  The  measured  responsivity  is  0.178  A/W. 
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(b) 

Figure  3-14.  Photodetector  Layouts,  (a)  Vertical  diode,  (b)  Vertical  npn  transistor. 
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Figure  3-15.  Circuit  Schematic  for  Measuring  the  Response  of  a  Photodiode. 
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Figure  3-16.  Photocurrent  Response  of  a  Vertical  pn  Junction  Photodiode. 
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3.5  Chapter  Summary 

Several  photodetection  devices  which  are  compatible  with  bulk  CMOS  fabrication 
processes  have  been  presented  in  this  chapter.  General  requirements  for  modeling  such 
devices  have  been  discussed  and  related  to  specific  models  for  SPICE  simulations.  A 
vertical  pn  junction  photodiode  was  analyzed  and  used  as  a  basis  for  reporting  simulation 
and  experimental  results.  In  the  next  chapter,  these  photodetectors  will  be  coupled  with 
CMOS  devices  to  form  a  variety  of  optoelectronic  circuits. 
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CHAPTER  4 


OPTICAL  DATA  DETECTION  CIRCUITS 

The  two  previous  chapters  discussed  the  design  and  analysis  of  CMOS  static  RAM 
cells  and  the  geometry  of  photodetectors  that  can  be  fabricated  in  a  bulk  CMOS  process 
without  additional  process  steps.  In  this  chapter  the  photodetectors  are  combined  with  load 
devices  which  convert  the  optical  information  received  by  the  detector  into  a  DC  output 
voltage.  Some  of  these  circuits  are  used  as  optical  inputs  for  the  optoelectronic  storage 
circuits  presented  in  Chapter  5. 

A  photodiode  with  an  unspecified  load  device  is  shown  in  Fig.  4-1.  For  the 
applications  presented  in  this  thesis,  a  load  with  a  high  resistance  and  a  low  capacitance  is 
preferred.  A  high  resistance  load  device  is  necessary  to  keep  the  photocurrent  and  the  total 
laser  power  at  practical  levels.  The  detectors  discussed  in  this  chapter  will  be  configured  in 
an  array  to  allow  transfer  of  optical  data  from  a  holographic  ROM  containing  a  large 
number  of  bits.  Since  the  ROM  is  driven  by  a  single  light  source,  a  small  increase  in  the 


Figure  4- 1 .  Photodiode  with  a  Load  Device. 
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required  optical  power  per  bit  may  result  in  a  large  increase  in  total  laser  power.  Thus,  one 
of  the  objectives  in  designing  a  detector  load  or  pull-down  device  is  to  obtain  the  largest 
possible  load  voltage  Vl  from  a  small  diode  current. 

Besides  a  large  resistance,  a  small  capacitance  is  also  desired  The  transient  response 
is  a  primaiy  concern  for  detector  circuits  used  in  optical  ROM-to-electronic  RAM  data 
transfer  applications.  A  simple  transient  analysis  of  a  detector  with  a  capacitive  load  can  be 
derived  from  i  =  C  (dv/dt)  calculations.  For  a  fixed  charging  current  and  detector 
capacitance,  the  response  time  can  be  improved  by  minimizing  the  capacitance  of  the 
detector  load.  The  capacitance  is  determined  by  the  choice  of  load  device  as  well  as  the 
fabrication  process  and  the  geometry  of  the  layout.  Although  using  a  larger  photocurrent 
will  also  reduce  the  response  time,  this  is  not  an  acceptable  alternative  since  the  current  per 
pixel  must  be  kept  small  when  the  detector  array  is  large. 

A  third  consideration  in  selecting  a  photodetector  load  device  is  the  discharge  time  of 
all  capacitive  elements  connected  to  the  output  node  of  the  detector  pull-down  device.  This 
corresponds  to  the  fall  time  of  the  transient  response  curve  after  the  light  source  is  shut  off. 
In  Fig.  4-2,  the  dark  current  of  the  detector  is  approximated  by  the  generation  current  Igen- 


Figure  4-2.  Photodetector  and  RC  Load. 


When  the  light  source  is  active,  the  photocurrent  is  much  greater  than  the  dark  current  and 
Ip  ~  Ir  +  Ic-  After  die  light  is  turned  off,  Ic  becomes  negative  since  Cl  must  discharge. 
Since  the  photocurrent  is  zero,  then  Igen  +  Ir  =  -Ic  or  Ir  =  -Ic.  If  RL  is  a  large  fixed 
resistor,  Cl  will  discharge  slowly.  If  Rl  is  reduced,  the  RC  time  constant  will  be  smaller, 
but  the  photocurrent  required  during  the  charge  cycle  may  be  too  large.  Neither  of  these 
two  conditions  is  desirable.  For  a  practical  optoelectronic  circuit,  the  preferred  load  device 
is  a  nonlinear  resistor.  For  small  values  of  output  voltage,  the  resistance  needs  to  be  large, 
such  that  a  small  photocurrent  causes  Vl  to  rise  to  a  designated  threshold  (e.g.  IV).  When 
the  output  voltage  is  increased,  the  resistance  must  be  small  enough  to  allow  Cl  to  quickly 
discharge  below  the  same  threshold  voltage. 

In  the  remainder  of  this  chapter,  a  variety  of  photodetector  load  devices  are  analyzed. 
Simulation  and  experimental  results  are  provided  for  some  circuits.  All  MOSFETs  used  as 
load  devices  are  enhancement  type  transistors.  Silicon  devices  used  for  experimentation 
were  fabricated  in  a  2  pm  p-well  CMOS  process. 

4.1  Saturated  PMOS  Transistor  Load 

A  photodiode  with  a  saturated  p-channel  transistor  load  is  shown  in  Fig.  4-3  [28, 

51].  This  detector  and  pull-down  load  configuration  has  provided  the  best  results  for 
optical  data  transfer  applications.  Conduction  in  a  PMOS  device  is  based  on  a  channel 
formed  by  holes,  which  have  a  lower  mobility  pp  than  electrons.  This  is  an  advantage  over 
an  NMOS  device  since  the  increased  channel  resistance  provides  a  larger  voltage  change  for 
a  given  value  of  photocurrent.  However,  since  the  mobility  of  holes  is  lower,  using  a 
PMOS  load  transistor  slows  the  transient  response  of  the  detector  circuit  [51].  The  smaller 
value  of  pp  most  critically  affects  the  fall  time  of  the  response  curve  after  the  light  source  is 
turned  off. 
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Figure  4-3.  Photodiode  with  a  Saturated  PMOS  Transistor  Load. 

Using  the  SPICE  circuit  simulator  and  the  model  parameters  given  in  Table  A-l,  a 
transient  response  was  obtained  for  the  detector  and  PMOS  load  transistor  in  Fig.  4-3.  The 
results  are  shown  in  Fig.  4-4  for  (W/L)p  =  3/20  and  p+n-  detector  dimensions  of  30  pm  x 
30  pm.  The  response  is  for  an  input  photocurrent  pulse  which  has  a  rise  and  fall  time  of 
1  ns  and  a  pulsed  value  of  10  pA  as  shown  in  Fig.  4-5. 

The  PMOS  load  is  biased  in  the  active  mode  of  operation  since  the  gate  is  connected 
to  ground.  With  the  device  biased  such  that  IVcsl  >  IVxpl,  an  inversion  layer  of  holes  forms 
a  conducting  channel  from  the  source  to  the  drain  of  the  transistor  [51].  The  lowest  value 
of  Vl  occurs  under  dark  conditions,  when  the  output  is  approximately  equal  to  the  PMOS 
device  threshold  voltage  [28].  The  p-channel  MOSFET  threshold  voltage  Vxp  is 
determined  by  [51] 

VTp  =  VTOp  "  Yp  (V VBSp  +  2|<!> f|  -  V2!* fj  ) 

where  V1Up  is  the  device  threshold  voltage  without  body  bias  effects,  yp  is  the  bulk 
threshold  parameter,  Vgsp  is  the  bulk-source  voltage,  and  <|>f  is  the  bulk  Fermi  potential. 
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Figure  4-4.  Transient  Response  of  the  Detector  and  PMOS  Load. 
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threshold  parameter,  Vbsp  is  the  bulk-source  voltage,  and  <|>f  is  the  bulk  Fermi  potential. 
Since  Vbsp  is  non-zero,  the  effects  of  the  bulk  bias  voltage  must  be  included  in  the 
threshold  voltage.  The  bulk  is  normally  connected  to  the  positive  supply  rail. 

An  approximate  dark  output  voltage  can  be  calculated  by  assuming  the  source  voltage 
Vs  is  equal  to  Vtp.  Setting  Vbs  =  Vb  -  Vs,  this  gives 

VS  =  VTOp  ~  Yp  (^/VDD  "  VS  +  2|^f|  “  \/2|<^f|  )  (4-2) 

where  Vp  -  Vqd  has  been  used.  When  the  appropriate  parameters  from  Table  A-l  are 
substituted,  the  iterative  solution  gives  Vs  =  Vl  =  1.22  volts.  This  value  is  the  minimum 
input  voltage  to  any  circuit  driven  by  the  detector  circuit.  Although  device  threshold 
voltages  may  be  controlled  by  the  fabrication  process,  the  low  value  for  Vl  is  too  large  to 
keep  some  state-of-the-art  CMOS  devices  in  cutoff.  However,  it  will  be  shown  in  the  next 
chapter  that  this  condition  has  advantages  as  well  as  disadvantages  when  applied  to  static 
optoelectronic  storage  circuits. 

SPICE  simulation  results  for  the  photodetector  circuit  give  a  static  output  voltage  of 
1.33  volts,  while  experiments  give  Vl  =  1.43  V  in  the  presence  of  room  lights,  and  1.3 
volts  in  the  dark.  The  experimental  results  are  for  a  16  (im  x  16  |im  p+n-  detector  and  a  p- 
channel  transistor  load  with  an  aspect  ratio  of  (W/L)p  =  3/31.  When  referring  to 
experimental  results  in  this  chapter,  the  expression  under  dark  conditions  simply  implies 
the  absence  of  laser  light.  Unless  stated  otherwise,  the  fluorescent  room  lights  are  left  on 
during  the  experiment. 

Inspection  of  Fig.  4-4  shows  that  Vl  quickly  rises  from  1.33  volts  to  approximately 
3.5  volts.  Detector  circuit  output  voltages  above  this  level  are  not  a  primary  concern 
because  normal  optical  data  transfer  will  have  taken  place  at  some  lower  output  voltage. 
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detector  circuits  discussed  in  this  chapter  are  for  parallel  write  operations,  rise  and  fall  times 
under  100  ns  are  acceptable.  This  is  explained  in  more  detail  in  Chapter  5. 

4.2  Nonsaturated  NMOS  Transistor  Load 

Although  the  nonsaturated  NMOS  transistor  load  is  similar  to  the  PMOS  load, 
several  fundamental  differences  exist  To  bias  the  n-channel  device  in  the  active  mode,  the 
gate  is  connected  to  the  supply  rail  as  shown  in  Fig.  4-6.  The  drain-source  voltage  of  the 
NMOS  device  is  approximately  zero  under  dark  conditions.  However,  since  the  gate  is 
connected  to  Vdd  and  the  source  is  grounded,  an  inversion  layer  conduction  path  exists  in 
the  channel  at  all  times.  When  Vl  <  (Vdd  -  V-m),  the  photocurrent  flows  through  the 
resistance  of  an  n-channel  transistor  in  the  linear  region  of  operation.  In  general,  the 
channel  resistance  of  an  NMOS  transistor  is  less  than  the  resistance  of  a  PMOS  device 
since  the  electron  mobility  Pn  is  greater  than  ]Up.  As  a  result  of  the  difference  in  mobility 
and  the  low  static  output  voltage,  the  photocurrent  required  for  the  NMOS  load  device  is 
greater  than  the  current  required  for  the  PMOS  transistor. 


Figure  4-6.  Photodiode  with  a  Nonsaturated  NMOS  Transistor  Load. 
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Figure  4-7  gives  the  transient  response  of  the  circuit  in  Fig.  4-6.  The  transistor 
aspect  ratio  is  the  same  as  in  the  previous  section.  The  pulsed  value  of  the  photocurrent  is 
increased  to  40  (lA  to  obtain  a  curve  similar  to  the  transient  response  of  the  PMOS  load 
device.  The  response  curve  shows  a  more  gradual  rise  time,  but  a  faster  fall  time  than  the 
PMOS  load.  However,  the  initial  rate  of  change  in  Vl  is  much  faster  for  the  NMOS 
device.  Both  of  the  rise  times  correspond  to  exponential  curves  with  time  constants 
proportional  to  the  channel  resistance  of  the  load  device. 

4.3  Saturated  NMOS  Transistor  Load 

As  shown  in  Fig.  4-8,  an  n-channel  transistor  with  the  gate  and  drain  tied  together 
forms  a  saturated  load  device  for  the  detector.  The  saturation  condition  of  Vos  >  Vgs  *  Vjp 
is  satisfied  since  Vos  =  Vgs  for  all  values  of  drain-source  voltage.  Under  dark  conditions 
the  reverse  current  of  the  photodiode  is  too  small  to  sustain  the  threshold  voltage  at  the  gate 
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Figure  4-8.  Photodiode  with  a  Saturated  NMOS  Transistor  Load. 

of  the  NMOS  transistor.  The  gate  voltage  drops  to  the  point  where  the  dark  current  of  the 
diode  is  approximately  equal  to  the  sum  of  the  subthreshold  leakage  current  of  the  channel 
and  the  leakage  current  into  the  substrate  from  the  drain  n+  implant.  Since  the  dark  voltage 
of  the  gate  is  less  than  the  threshold,  the  transistor  remains  in  the  cutoff  mode  of  operation 
until  the  photocurrent  charges  the  gate  capacitance  to  Vxp. 

Simulation  and  experimental  results  gave  significantly  different  values  for  Vl  under 
dark  conditions.  The  SPICE  simulation  gives  Vl  =  0. 19  volts  when  Ip  =  0.  Experimental 
results  for  a  50  pm  x  50  pm  detector  and  (W/L)n  =  3/40  show  Vl  =  0.673  volts  with  the 
room  lights  off  and  Vl  =  0.96  volts  with  the  lights  on.  The  difference  in  experimental 
results  is  due  to  the  response  of  the  detector  to  unfocused  room  light.  In  a  later  section  of 
this  chapter,  the  difference  between  simulation  and  experimental  results  is  addressed  by  the 
use  of  empirical  data  to  adjust  SPICE  model  parameters. 

As  indicated  by  the  transient  response  shown  in  Fig.  4-9,  the  saturated  NMOS 
transistor  circuit  has  the  advantage  of  a  high  resistance  load  over  the  full  range  of  values  for 
Vl-  For  this  simulation,  the  photocurrent  has  a  pulsed  value  of  40  pA.  Figure  4-10  gives 
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the  parabolic  curve  for  Vqs  =  Vp s»  as  well  as  the  basic  drain  characteristics  for  several 
values  of  gate  voltage.  As  the  drain-source  voltage  and  gate  voltage  increase,  the  channel 
resistance  decreases  slightly  since  the  device  current-voltage  curve  has  a  parabolic  shape. 
For  a  given  drain  current  the  drain  voltage  is  larger  for  this  device  than  for  the  nonsaturated 
NMOS  transistor.  However,  the  transient  response  is  slowed  by  the  large  gate  capacitance 
that  must  be  charged  at  the  same  time  as  the  drain  capacitance.  Figure  4-10  shows  that  a 
drain  current  of  10  ^A  gives  3  volts  for  Vos-  However,  if  Ip  is  reduced  to  that  value,  the 
transient  response  is  extremely  slow  due  to  the  large  capacitance  that  must  be  charged  by  a 
small  current. 

4.4  Cinoff  NMOS  Transistor  Load 

Another  variation  of  the  NMOS  load  is  shown  in  Fig.4-1 1.  The  gate  is  simply  tied  to 
ground  to  keep  the  device  in  cutoff.  This  load  configuration  must  be  carefully  designed 
such  that  the  sum  of  the  channel  leakage  current  and  the  reverse  current  of  the  n+  drain 
implant  is  greater  than  the  dark  current  of  the  photodiode.  Generally,  the  channel  of  the 
load  device  need  only  be  of  minimum  dimensions  since  thi  «<ansistor  is  in  cutoff.  The 
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Figure  4-11.  Photodiode  with  a  Cutoff  NMOS  Transistor  Load. 
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the  circuit  is  the  size  of  the  drain  relative  to  the  size  of  the  detector.  Although  the  drain 
needs  to  be  large,  design  flexibility  is  limited  by  the  effects  of  a  large  drain  capacitance. 

As  shown  in  Fig.  4-12,  the  rise  time  of  the  transient  response  curve  is  slow  because 
the  capacitance  at  the  drain  node  of  the  MOSFET  is  charged  by  a  photocurrent  which  is 
pulsed  to  only  2  pA.  The  fall  time  is  also  slow  since  the  cutoff  MOSFET  current  must 
sink  the  photodiode  dark  current  as  well  as  the  discharge  current  of  the  load  capacitance. 
Although  this  circuit  may  not  be  useful  for  transferring  data  to  a  static  RAM  cell,  it  may  be 
coupled  with  an  electronic  or  optical  reset  circuit  and  function  as  a  dynamic  storage  node. 

The  dark  output  voltage  was  measured  for  a  50  pm  x  50  pm  detector  and  cutoff 
NMOS  load  with  (W/L  )n  =  3/20.  The  results  gave  1.63  volts  with  the  room  lights  off. 
Similar  results  were  recorded  for  a  30  pm  x  30  pm  detector  and  (W/L)n  =  3/3.  These 
values  differ  from  the  simulation  results.  As  described  previously,  the  differences  are 
discussed  at  the  end  of  this  chapter. 
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4.5  Pull-Down  Devices  with  Gate  Bias  Circuits 

Figure  4-13  shows  four  examples  of  load  devices  which  have  gates  that  are  biased 
between  ground  and  Vdd-  All  of  these  circuits  have  the  common  problem  of  requiring  a 
large  area  on  an  integrated  circuit  chip.  Additional  static  power  dissipation  may  also  be  a 
problem  when  these  devices  are  used  in  CMOS  circuits.  The  objective  of  using  a  gate  bias 
network  is  to  reduce  IVqsI  which  may  reduce  the  required  photocurrent  and  laser  power  for 
a  desired  value  of  output  voltage. 

The  PMOS  load  circuit  in  Fig.  4- 13(a)  has  a  saturated  p-channel  transistor  for  a  gate 
bias  circuit.  The  primary  effect  of  biasing  the  gate  above  ground  is  to  increase  the  final 
output  voltage.  The  rate  of  change  of  the  load  voltage  is  determined  by  the  load  capacitance 
and  the  charging  current.  If  the  value  of  Ip  is  unchanged,  the  response  time  for  this  circuit 
is  similar  to  the  circuit  in  Fig.  4-3. 

Biasing  the  gate  above  ground  also  increases  the  dark  output  voltage.  As  described 
in  Section  4.1,  the  output  of  the  saturated  PMOS  transistor  is  approximately  1.3  volts. 

This  becomes  the  gate  voltage  of  the  load  transistor,  which  makes  the  output  of  the  load 
device  approximately  2.5  volts.  Therefore,  this  configuration  can  act  as  an  optical  input  to 
another  circuit  which  has  a  high  threshold.  It  may  also  be  useful  in  creating  a  new  logic 
scheme,  since  simultaneous  application  of  light  to  both  diodes  drives  the  output  voltage 
above  the  supply  rail.  This  can  be  done  with  a  single  light  beam  when  the  detectors  are 
jointly  located,  but  separated  by  at  least  two  depletion  layer  widths. 

The  NMOS  load  circuit  in  Fig  4- 13(b)  has  a  gate  bias  network  consisting  of  two 
diodes.  The  gate  voltage  is  Vdd/2  when  the  diodes  are  identical.  When  the  two  bias  diodes 
are  not  identical,  the  gate  voltage  is  determined  by  the  relative  junction  resistance  of  the 
devices.  The  resistance  is  inversely  proportional  to  device  area.  In  a  CMOS  fabrication 
process,  at  least  one  of  the  diodes  must  be  fabricated  in  a  p-well.  A  p+n-  diode  fabricated  in 
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Figure  4-13.  Photodiodes  with  Load  Devices  and  Gate  Bias  Circuits. 
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the  substrate  has  no  free  cathode  connection  since  the  substrate  and  guard  ring  are 
connected  to  the  positive  supply  rail.  This  device  cannot  be  used  for  the  lower  diode  in  the 
bias  circuit.  However,  both  the  upper  and  lower  diodes  in  Fig.  4- 13(b)  can  be  an  n+pn- 
device  as  described  in  Chapter  3. 

Simulation  of  the  circuit  in  Fig  4- 13(b)  shows  that  the  photocurrent  required  to 
change  the  output  by  4  volts  is  reduced  from  40  |iA  for  the  nonsaturated  NMOS  load  in 
Section  4.2,  to  approximately  10  pA.  Application  of  light  to  the  two  detectors  as  shown  in 
the  figure,  reduces  the  needed  photocurrent  even  further. 

The  detector  and  load  circuit  in  Fig.  4- 13(c)  is  similar  to  the  other  circuits  already 
discussed  in  this  section.  The  gate  of  the  PMOS  load  is  biased  between  ground  and  the 
supply  rail  as  in  Fig  4- 13(a),  but  with  the  added  flexibility  of  optically  changing  the  gate 
voltage  as  in  Fig.  4- 14(b).  Figure  4- 13(d)  is  an  alternate  implementation  of  the  circuit  in 
Fig.  4- 13(a).  Although  only  a  few  examples  have  been  shown,  an  unlimited  number  of 
bias  arrangements  exist.  Many  of  these  bias  circuits  can  be  used  with  both  PMOS  and 
NMOS  loads. 

4.6  Pull-up  Load  Devices 

A  photodetector  with  a  pull-down  load  is  the  primary  circuit  used  for  optical  data 
transfer  in  this  thesis.  For  other  applications,  it  may  be  useful  to  start  with  a  high  voltage  at 
the  detector  output  and  apply  a  light  source  to  obtain  a  lower  voltage.  Many  of  the  devices 
discussed  in  this  chapter  may  be  used  to  either  pull  up  or  a  pull  down  the  voltage.  A 
p-channel  transistor  used  as  a  pull-up  load  is  shown  in  Fig.  4-14.  The  dark  output  voltage 
is  approximately  equal  to  Vdd  since  a  p-channel  device  passes  a  strong  logic  one.  The 
detector  must  be  of  a  type  that  has  a  free  n-type  region  to  connect  to  the  drain  of  the  load 
transistor.  This  circuit  requires  more  photocurrent  per  volt  change  in  output  than  the 
saturated  PMOS  pull-down  configuration  in  Fig.  4-3.  The  increase  in  current  is  due  to  the 
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Figure  4-14.  Photodetector  with  a  PMOS  Pull-Up  Load. 


difference  in  gate-source  voltage  for  the  circuits.  For  the  same  reason,  the  pull-up  circuit 
recovers  to  the  dark  voltage  more  quickly  than  the  pull-down  version.  A  pull-up  load  more 
comparable  to  the  saturated  PMOS  pull-down  is  shown  in  Fig.  4-15.  Since  Vsd  =  Vsg,  the 
gate-source  voltage  starts  off  at  a  low  value.  Due  to  the  increased  channel  resistance,  the 
circuit  requires  only  10  |iA  to  obtain  the  desired  simulation  results  of  a  4  volt  change  in  Vl. 
However,  when  the  photocurrent  is  off,  the  output  returns  to  the  dark  voltage  more  slowly 
than  the  circuit  in  Fig.  4-14.  Simulation  results  show  a  dark  output  of  Vl  =  4.5  V. 


Figure  4-15.  Photodetector  with  a  Saturated  PMOS  Pull-Up  Load. 


73 


4.7  Experimental  Results 

This  section  discusses  the  experimental  measurements  for  three  detector  and  load 
circuits.  Results  are  provided  for  the  saturated  PMOS  load  in  Fig.  4-3,  the  nonsaturated 
NMOS  load  in  Fig.  4-6,  and  the  saturated  NMOS  load  in  Fig.  4-8.  Measurements  were 
taken  using  a  Helium-Neon  laser  and  the  experimental  setup  described  in  Appendix  B.  The 
experimental  results  were  obtained  with  the  room  lights  off.  For  more  sensitive  circuits, 
the  presence  of  incoherent  light  slightly  affects  the  numerical  data;  however,  it  has  no 
significant  effect  on  the  performance  of  these  circuits  when  used  for  optical  data  transfer. 

Figure  4-16  shows  the  output  voltage  for  the  PMOS  and  saturated  NMOS  load 
devices  versus  incident  optical  power.  The  PMOS  circuit  results  are  for  a  16  pm  x  1 6  pm 
p+n-  photodiode  and  a  transistor  aspect  ratio  of  (W/L)p  =  3/31.  An  example  layout  of  a 
detector  and  load  circuit  is  shown  in  Fig.  4-18.  For  the  NMOS  circuit,  the  detector  and 
n-channel  transistor  were  fabricated  as  individual  devices  on  the  same  chip.  External 
connections  were  used  to  obtain  the  configuration  in  Fig.  4-8.  The  p+n-  detector  and 
transistor  dimensions  are  (50  pm  x  50  pm)  and  3/40,  respectively. 

For  Vl  >  2  volts,  the  NMOS  load  appears  to  give  better  results  than  the  PMOS  load. 
However,  the  larger  detector  and  longer  channel  must  be  taken  into  consideration.  An 
important  feature  of  the  NMOS  circuit  is  that  the  dark  output  voltage  is  large  enough  to 
improve  the  transient  response,  but  still  remains  below  the  threshold  voltage.  This  is  a 
desirable  characteristic  for  many  applications.  A  responsivity  of  0.178  A/W  was  given  in 
Chapter  3.  When  the  detector  responsivity  and  device  dimensions  are  considered,  the 
experimental  work  and  simulations  in  this  chapter  show  similar  correlation  between  output 
voltage  and  photocurrent. 

Figure  4-17  shows  the  experimental  results  for  the  nonsaturated  NMOS  detector 
load.  The  layout  is  the  same  as  for  the  PMOS  circuit,  except  the  transistor  channel  length  is 
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Figure  4-16.  Experimental  Output  Voltage  for  PMOS  and  NMOS  Detector  Loads. 


INCIDENT  LASER  POWER  (fiW) 

Figure  4-17.  Experimental  Output  Voltage  for  a  Nonsaturated  NMOS  Detector  Load 
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Figure  4-18.  Example  Layout  of  a  Detector  and  MOSFET  Load. 
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32  |im.  The  high  laser  power  eliminates  this  device  from  applications  that  require  large 
detector  arrays. 


4.8  Empirical  Model  Parameters 

The  DC  output  voltage  of  the  saturated  NMOS  load  circuit  discussed  in  Section  4.3 
was  determined  experimentally  to  be  0.673  volts.  A  SPICE  simulation  of  the  same  circuit 
gives  a  much  smaller  value  for  Vl  when  model  parameters  from  Table  A- 1  are  used  and  the 
input  file  reflects  the  appropriate  diode  and  transistor  dimensions.  Since  the  dark  output 
voltage  is  less  than  the  NMOS  device  threshold,  the  transistor  is  in  the  cutoff  mode.  The 
drain  voltage  of  the  MOSFET  is  determined  primarily  by  the  conductance  of  the  channel 
and  the  reverse  current  of  the  diode. 

The  channel  conductance  is  determined  by  Vgs>  which  controls  the  development  of 
an  electron  inversion  layer  underneath  the  gate  oxide  [51].  If  Vqs  >  Von.  the  MOSFET  is 
in  the  active  region  of  operation  since  strong  inversion  occurs.  This  is  the  point  at  which 
the  density  of  the  layer  of  electrons  underneath  the  oxide  is  equal  to  the  density  of  holes  in 
the  substrate  [61].  For  a  range  of  positive  values  of  gate  voltage  less  than  Vjm  a  lower 
concentration  of  electrons  forms  a  weak  inversion  layer.  Although  the  device  remains  in 
cutoff,  the  weak  inversion  layer  allows  a  small  current  flows  in  the  channel.  The  parameter 
Von  is  the  gate  voltage  at  the  boundary  between  strong  inversion  and  weak  inversion  [69]. 

The  DC  output  voltage  from  a  SPICE  simulation  depends  on  how  the  weak  inversion 
layer  current  is  modeled.  The  results  are  primarily  determined  by  the  SPICE  model 
parameter  NFS.  This  parameter,  called  the  effective  fast  surface  state  density,  characterizes 
the  weak  inversion  current  [70]  and  applies  to  gate  voltages  less  than  Vqn.  where  [69] 
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The  slope  parameter  n  is  given  by 


_  _  ,  .  q(NFS)  ,  CDEP 
n  1  “t"  p  p  , 

'■'OX  '-ox 
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where  q  is  the  electronic  charge,  Cox  is  the  oxide  gate  capacitance,  and  Cdep  is  the 
depletion  capacitance.  The  expression  kT/q  is  the  thermal  voltage.  Two  transient  response 
curves  are  shown  in  Fig.  4-19  for  the  saturated  NMOS  load  circuit  Without  significantly 
changing  the  shape  of  the  curve,  an  empirical  value  for  NFS  was  used  to  match  the  DC 
value  of  Vl  to  the  measured  dark  output  voltage.  These  results  were  obtained  by  reducing 
NFS  from  its  vendor  given  value  of  2.26  x  1012  cm-2  to  4.6  x  10H  cm-2. 


Figure  4-19.  Transient  Response  of  the  Saturated  NMOS  Load  and  Detector. 
Curves  are  shown  for:  (a)  the  original  response,  and  (b)  the  response  with  an 
adjusted  NFS  parameter. 
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4.9  Chapter  Summary 

Load  devices  have  been  added  to  photodetectors  to  convert  an  input  optical  signal  to  a 
DC  output  voltage.  A  wide  range  of  simulation  and  experimental  results  have  been 
obtained.  The  best  results  are  provided  by  the  saturated  PMOS  and  NMOS  load 
transistors.  In  the  next  chapter,  the  detector  and  load  circuits  are  coupled  with  static  CMOS 
data  storage  circuits.  These  complete  systems  provide  detection  of  optical  data,  as  well  as 
storage  of  the  information  for  an  indefinite  period  of  time. 
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CHAPTER  5 


STORAGE  OF  OPTICALLY  TRANSMITTED  DATA 

In  this  chapter  optical  detection  and  electronic  data  storage  circuits  are  combined  to 
obtain  integrated  systems  that  detect  and  store  optical  data.  The  detection  circuits  were 
described  in  Chapters  3  and  4,  while  the  CMOS  SRAM  cells  used  for  data  storage  were 
discussed  in  Chapter  2.  For  the  circuits  presented  in  this  chapter,  optically  transmitted  data 
implies  coherent  light  at  wavelengths  that  can  be  detected  by  silicon  devices  (approximately 
0.4  pm  to  1.0  pm)  and  optical  signals  which  have  an  intensity  level  high  enough  to  be 
detected  by  the  light  sensitive  regions  of  optoelectronic  circuits. 

5.1  Review  of  CMOS  SRAM  Cell  Operations 

The  static  RAM  cell  discussed  in  Chapter  2  has  six  MOSFETs  configured  as  two 
cross-coupled  CMOS  inverters  and  two  access  transistors.  As  shown  in  Fig.  5-1,  access 
transistors  T5  and  T6  are  each  connected  to  a  DATA  node  and  a  BIT  line.  The  two  access 
devices  are  controlled  by  a  single  word  line.  Data  is  written  to  the  cell  when  the 
information  placed  on  the  BIT  lines  is  transferred  to  the  DATA  (D)  and  NOT  DATA  (D) 
nodes  by  the  access  transistors. 

As  described  later  in  this  chapter,  the  principal  operation  for  optical  data  transfer  is 
storage  of  a  logic  zero  in  response  to  the  presence  of  an  incident  laser  beam.  The  optically 
written  logic  zero  is  similar  to  the  corresponding  electrical  operation,  which  occurs  when 
the  BIT  line  (BL)  is  low  and  the  NOT  BIT  (BL)  line  is  either  floating  or  held  high  ,  as 
shown  in  Fig.  5-1.  When  the  word  line  is  brought  high  the  logic  zero  is  written  to  the 
DATA  node  and  a  logic  one  is  written  to  the  NOT  DATA  node.  A  logic  zero  may  be 
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Figure  5-1.  CMOS  SRAM  Cell  Electrical  Write  Operation. 

written  to  the  NOT  DATA  node  by  reversing  the  logic  pattern  placed  on  the  BIT  lines  and 
again  raising  the  word  line  to  a  logic  one.  This  operation  simultaneously  writes  a  one  to  the 
DATA  node. 

5.2  Optical  Write  Circuit  Design 

The  detection  and  storage  of  optically  transmitted  data  is  based  on  the  transfer  of  a 
logic  zero  to  a  storage  node  using  a  single  bit  line  principle.  Although  a  logic  one  may  be 
written  directly  to  a  storage  node  of  a  CMOS  static  RAM  cell,  it  is  more  practical  to  write  a 
logic  zero  to  the  opposite  node  and  force  a  logic  one  at  the  desired  location.  Using  a  single 
BIT  line  to  write  a  logic  one  directly  to  a  DATA  node  is  more  difficult  because  the  access 
transistor  must  provide  current  to  the  drain  of  the  NMOS  inverter  transistor  and 
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simultaneously  charge  the  node  capacitance.  When  a  logic  zero  is  stored  at  the  DATA 
node,  a  large  amount  of  current  is  required  to  raise  the  drain-source  voltage  to  a  logic  one 
level.  The  problem  is  aggravated  by  the  inclination  to  improve  the  SRAM  cell  static  noise 
margin  by  making  the  access  transistors  smaller  than  the  NMOS  inverter  transistors. 

The  detection  and  storage  circuits  presented  in  this  chapter  are  designed  to  receive 
optical  input  from  a  holographic  ROM.  To  minimize  the  complexity  of  the  ROM,  the 
optical  circuit  controls  just  one  side  of  each  SRAM  cell  and  writes  only  a  logic  zero  during 
the  detection  and  storage  process.  Thus,  the  presence  of  laser  light  stores  one  bit  of  data, 
while  the  absence  of  light  accounts  for  its  complement  This  means  that  all  DATA  nodes 
need  to  be  set  to  a  logic  one  prior  to  the  selective  application  of  light  to  the  detector  circuits 
within  the  array. 

Optical  circuits  for  writing  both  a  logic  zero  and  a  logic  one  are  discussed  in  this 
section,  despite  the  difficulty  in  writing  a  logic  one  directly  to  the  storage  node  of  a  CMOS 
SRAM  cell.  The  latter  circuits  are  presented  due  to  their  usefulness  as  inputs  to  logic 
circuits  and  as  control  elements  for  numerous  other  applications. 

5.2.1  Optical  Circuits  for  Writing  a  Logic  Zero 

A  circuit  for  optically  writing  a  logic  zero  to  the  DATA  node  of  a  static  RAM  cell  is 
shown  in  Fig.  5-2.  Several  photodetector  load  devices  were  discussed  in  Chapter  4.  The 
saturated  PMOS  load  device  is  used  for  this  analysis.  The  MOSFETs  are  labeled  T7  and 
T8  to  distinguish  them  from  the  six  transistors  of  the  CMOS  SRAM  cell.  Capacitor  Cdata 
represents  the  storage  node  for  optical  data.  The  operation  of  the  optical  write  zero  (OWZ) 
circuit  in  the  figure  is  similar  to  that  of  the  BIT  lines  and  access  transistors  of  the  SRAM 
cell  described  in  Section  5.1.  Transistor  T8  functions  as  an  access  device  with  the  BIT  line 
end  permanently  connected  to  ground.  The  detector  and  load  form  the  control  circuit  for 
the  gate  of  T8  similar  to  the  word  line  control  of  access  transistors  T5  and  T6  in  Fig.  5-1 . 
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DATA 


Figure  5-2.  Optical  Detection  Circuit  for  Writing  a  Logic  Zero. 


When  light  is  incident  on  the  detector,  the  photocurrent  increases  the  source-drain 
voltage  of  T7  such  that  T8  turns  on  and  discharges  Cdata-  Ignoring  channel-length 
modulation,  the  source  current  of  T7  is  given  by  [51] 


where 


and 


(  VSG  +  VTp)  » 


Pp 


VTp  ~  VTOp  YP  (-N/VBSp  2|<>  p|  -  -y/ 2|4> p|  ). 


(5.1) 

(5.2) 

(5.3) 


In  equation  (5.2),  the  symbols  Bp  and  kp'  are  the  p-channel  transistor  transconductance 
parameter  and  the  process  transconductance  parameter,  respectively.  Other  symbols  are  as 
defined  in  Chapters  2  and  4.  The  effects  of  body  bias  are  included  in  this  circuit  to  account 
for  the  independent  source  and  bulk  voltages. 
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Using  k'p  =  21.8  x  106  A/V2  and  the  other  model  parameters  in  Table  A-l,  a  plot  of 
equation  (5.1)  is  shown  in  Fig.  5-3  with  Vsg  =  Vsd  and  the  transistor  aspect  ratio  as  a 
parameter.  Channel-length  modulation  and  body  bias  effects  are  included  in  the 
determination  of  source  current  I$p.  Under  static  illumination,  the  photocurrent  Ip  is 
approximately  equal  to  Isp.  Thus,  the  plot  gives  the  approximate  static  photocurrent  needed 
to  obtain  a  particular  source  voltage  for  T7  or  gate  voltage  for  T8.  As  shown,  the  current 
may  be  reduced  by  increasing  the  channel  length  of  transistor  T7.  The  length  of  the  load 
device  channel  is  constrained  by  the  desired  discharge  rate  of  the  gate  capacitance  of  T8. 
When  the  light  source  is  turned  off,  T7  must  sink  the  current  from  the  capacitance  at  its 
source  node  as  well  as  the  dark  current  of  the  photodiode.  The  increased  resistance  of  a 
longer  channel  will  cause  the  source  of  T7  to  more  slowly  drop  to  the  dark  output  voltage. 
Thus,  the  fall  time  of  the  transient  response  curve  may  be  longer  than  the  rise  time. 


Figure  5-3.  Source  Current  for  a  Saturated  PMOS  Load  Transistor.  The  plot  is  for 
Vg  =  0  and  Vsd  =  Vsg- 
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Transistor  T7  controls  the  gate  voltage  of  T8.  The  initial  value  of  the  drain  voltage  of 
T8  is  approximately  equal  to  Vdd-  This  places  the  transistor  is  in  the  saturation  region  of 
operation  at  the  start  of  the  optical  write  process.  The  drain  current  is  expressed  as  [51] 

IDn  =  '^L(VGS  “  VTOn)  (1  +  ^nVDs)  (5-4) 

where  B„  =  kn(W/L)n  is  the  n-channel  MOSFET  transconductance  parameter  and  A*,  = 
0.0237  V-1  is  the  channel-length  modulation  factor.  A  plot  of  the  gate  voltage  versus  the 
drain  current  of  T8  is  shown  in  Fig.  5-4  for  k'n  =  55.1  x  10  6  A/V2  and  Vjon  =  1.0  V. 
Although  Ip  is  larger  for  increased  channel  widths,  T8  may  need  to  be  a  minimum 
geometry  device  when  the  total  photocurrent  is  small  (e.g.  less  than  a  few  microamperes). 
In  this  case,  the  slowly  rising  gate  voltage  may  cause  the  drain  current  of  a  larger  T8  to  be 
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less  than  that  of  a  minimum  geometry  device  at  a  given  time  point  during  the  transient 
response  of  the  circuit.  The  advantage  of  increasing  the  channel  width  is  then  offset  by  the 
slower  response  time.  The  result  is  that  although  a  larger  transistor  provides  more  drain 
current  at  each  level  of  gate  voltage,  the  smaller  device  may  write  a  logic  zero  to  the  cell 
more  quickly.  The  transient  response  of  the  optical  detection  and  storage  cell  to  a  photonic 
input  is  addressed  in  Section  5.5.2. 

An  important  parameter  is  the  output  drain  current  of  NMOS  transistor  T8  when  a 
steady-state  photocurrent  flows.  The  static  output  current  for  a  given  input  photocurrent  is 
primarily  determined  by  the  relative  aspect  ratios  of  T7  and  T8.  The  SPICE  simulation  in 
Fig.  5-5  shows  the  drain  current  of  T8  versus  the  source  current  of  T7  for  (W/L)p  =  3/30 
and  (W/L)n  =  4/2.  Since  Iq  in  Fig.  5-2  is  assumed  to  be  zero  (or  the  transient  response  of 
the  circuit  is  ignored),  the  photocurrent  is  approximately  equal  to  the  source  current  of  T7. 
The  current  amplification  factor,  which  may  be  extracted  from  the  graph,  quickly  rises  to  a 


ISp  (M^A) 


Figure  5-5.  Source  Current  of  Transistor  T7  versus  Drain  Current  of  T8.  The 
simulation  results  are  for  (W/L)p  =  3/30  and  (W/L)n  =  4/2. 
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peak  value  of  72  and  then  gradually  decreases  to  about  40.  In  designing  the  OWZ  circuit, 
consideration  is  given  to  this  amplification  factor  as  well  as  the  total  current  necessary  for 
writing  a  logic  zero.  The  gate  capacitance  of  transistor  T8  and  the  channel  length  of  T7  are 
also  considered  due  to  the  effect  they  have  on  the  temporal  response  of  the  circuit. 

An  approximate  relationship  between  the  drain  current  of  T8  and  the  input 
photocunent  can  be  determined  from  the  MOSFET  circuit  equations.  For  steady-state 
conditions  when  Ip  ~  Isp,  the  detector  and  load  circuit  output  voltage  VSGp  can  be 
determined  from  equation  (5.1).  Neglecting  channel-length  modulation,  the  PMOS 
transistor  gate  voltage  is  found  to  be 


which  is  only  valid  for  Vsgp  >  IVjpl  with  body-bias  effects  included.  Since  Vsgp  is  equal 
to  Vgs  for  transistor  T8,  substitution  of  equation  (5.5)  into  equation  (5.4)  gives 


I 


Dn 


(5.6) 


where  the  channel-length  modulation  effect  on  the  NMOS  transistor  has  been  neglected. 
Equation  (5.6)  is  valid  while  T8  is  in  the  saturation  region  or  Vos  ^  VGs  -  Vt„.  Using  this 
expression  and  equation  (5.4),  the  drain  current  of  T8  is  plotted  as  a  function  of  Ip  in  Fig. 
5-6.  Device  parameter  values  are  the  same  as  those  used  previously  in  this  chapter.  This 
graph  indicates  the  steady-state  detector  output  current  when  the  minimum  required  current 
for  T8  is  known.  These  results  are  consistent  with  the  simulation  plot  in  Fig.  5-5. 
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Figure  5-6.  Drain  Current  of  T8  versus  Photocurrent  Under  Static  Conditions. 

(W/L)n  =  4/2  and  (W/L)p  =  3/30. 

5.2.2  Optical  Circuits  for  Writing  a  Logic  One 

An  optical  circuit  may  be  designed  to  pass  a  logic  one  in  a  manner  similar  to  the 
transfer  of  a  logic  zero  from  a  BIT  line  to  a  DATA  node.  Figure  5-7  shows  two  circuits 
that  may  be  used  for  this  purpose.  Although  only  two  load  devices  are  shown,  many  other 
possibilities  were  suggested  in  Chapter  4.  In  Fig.  5-7(a),  PMOS  transistor  T9  is  biased  in 
the  linear  region  of  operation.  When  Ip  =  0,  the  source-drain  voltage  is  approximately  zero 
and  the  dark  output  voltage  of  the  detector  is  near  Vdd  since  the  load  device  passes  an 
undegraded  logic  one.  As  the  photocurrent  increases,  the  drain  of  T9  is  pulled  down, 
while  the  gate  capacitance  of  T10  discharges.  This  turns  on  T10,  which  passes  a  logic  one 
and  sources  current  to  an  external  load. 

The  circuit  in  Fig  5-7 (b)  is  the  same  as  the  OWZ  circuit  presented  in  Section  5.2.1, 
except  one  end  of  the  pass  transistor  is  connected  to  Vdd  instead  of  ground.  The 
photocurrent  charges  the  gate  capacitance  of  T12  such  that  the  device  turns  on  and  passes  a 
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degraded  logic  one.  With  an  NMOS  transistor  is  used  as  the  pass  transistor,  this  circuit 
provides  more  current  to  the  load  than  the  circuit  in  Fig.  5-7(a)  when  device  geometries  are 
similar.  However,  since  both  PMOS  and  NMOS  devices  are  used  in  Fig.  5-7(b), 
additional  layout  space  is  needed  for  separation  between  the  PMOS  transistor  and  the  p- 
well.  An  all  NMOS  version  of  the  same  circuit  is  shown  in  Fig.  5-8.  Both  T13  and  T14 
can  be  fabricated  in  the  same  p-well  diffusion  region  of  a  chip.  Simulation  and 
experimental  results  were  given  in  Chapter  4  for  the  saturated  NMOS  load  transistor  used 
in  this  circuit  The  operation  and  photocurrent  requirements  are  similar  to  that  of  the  circuit 
in  Fig.  5-7(b),  except  the  load  device  is  in  cutoff  under  dark  conditions. 

5.2.3  Experimental  Results 

Experimental  values  for  the  drain  current  of  an  n-channel  MOSFET  as  a  function  of 
gate  voltage  are  shown  in  Fig.  5-9.  To  provide  a  reference  for  experimental  results,  the 
SPICE  simulation  values  for  the  same  device  are  also  shown  on  the  graph.  The  transistor 
used  for  experimentation  was  fabricated  as  a  separate  device  on  a  chip  with  other 
optoelectronic  circuits.  The  channel  aspect  ratio  is  (W/L)n  =  4/2  for  the  experiment  and  the 
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Figure  5-8.  NMOS  Circuit  for  Optically  Writing  a  Logic  One. 
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Figure  5-9.  Experimental  NMOS  Transistor  Drain  Current  versus  Gate  Voltage. 

Simulation  results  are  also  shown  for  Vos  =  5  volts. 

simulation.  A  simple  procedure  based  on  two  power  supplies  was  used  to  obtain  the 
experimental  results.  One  power  supply  was  connected  to  a  variable  resistor  which 
controlled  the  gate  voltage  of  the  transistor.  The  other  power  supply  was  connected  to  the 
drain  of  the  device  through  a  1.5  kO  resistor.  A  small  resistor  was  used  to  maintain  a  large 
value  for  Vos.  which  is  representative  of  the  initial  conditions  for  the  optically  written  logic 
zero  and  the  conditions  for  the  simulation.  T  .e  drain  current  was  measured  via  the  voltage 
drop  across  the  1.5  k£2  resistor.  In  Fig.  5-9,  the  agreement  between  the  simulation  and 
experimental  results  for  Vcs  <  3  V  implies  that  the  pass  transistor  current  necessary  to 
optically  write  a  logic  zero  can  be  estimated  from  a  combination  of  experimental  and 
simulation  data  provided  here  and  in  Chapter  4.  Generally,  the  logic  zero  is  written  when 
the  gate  voltage  of  T8  is  less  than  3  volts.  Those  results  are  given  in  a  later  section  of  this 
chapter. 
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5.3  Optical  Detection  and  Storage  Cell 


In  this  section,  the  SRAM  cells  presented  in  Chapter  2  are  combined  with  the  optical 
write  circuits  in  Section  5.2.  The  resulting  optical  demotion  and  storage  cells  have  electrical 
read  and  write  functions  as  well  as  the  ability  to  detect  and  store  data  contained  in  an 
incident  light  beam  of  appropriate  wavelength  and  intensity.  Most  cells  presented  in  this 
section  contain  eight  MOSFETs  and  one  photodiode,  with  six  of  the  transistors  pertaining 
to  the  standard  CMOS  SRAM  cell. 

5.3.1  Detection  and  Storage  of  a  Logic  Zero 

A  cell  for  the  detection  and  storage  of  an  optically  transmitted  logic  zero  is  shown  in 
Fig.  5-10.  Aspect  ratios  for  the  rix  transistors  of  the  basic  SRAM  cell  are  selected  based 
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Figure  5-10.  Circuit  for  Detection  and  Storage  of  Optically  Transmitted  Logic  Zero. 
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on  the  design  information  provided  in  Chapter  2.  The  optical  portion  of  the  cell  is  designed 
from  data  provided  in  Chapter  4. 

As  discussed  in  Section  5.2,  the  OWZ  circuit  in  Fig.  5-10  writes  a  logic  zero  to  the 
cell  in  the  same  manner  as  the  electrical  operation  of  the  word  line  and  access  transistor. 

For  the  optical  circuit,  the  photocurrent  raises  the  source-drain  voltage  of  transistor  T7  and 
the  gate  voltage  of  T8.  As  the  gate  voltage  increases,  transistor  T8  sinks  a  portion  of  the 
current  from  T3  and  discharges  the  capacitance  at  the  DATA  node.  The  SPICE  circuit 
simulator  and  the  model  parameters  in  Table  A-l  were  used  to  obtain  the  transient  response 
curve  for  the  optically  written  logic  zero  as  shown  in  Fig.  5-11.  The  parameters,  including 
k'n  =  55.1  x  10-6  A/V2  and  k'p  =  21.8  x  10‘6  A/V2,  are  average  values  extracted  from 
MOSIS  fabrication  runs  over  the  eight  month  period  from  July  1989  to  February  1990. 

The  photocurrent  was  simulated  by  a  current  source  in  parallel  with  the  diode.  As  shown 
in  Fig.  5-12,  a  pulse  having  rise  and  fall  times  of  1  ns  and  a  peak  value  of  10  pA  was 
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arbitrarily  selected.  The  short  rise  time  implies  that  carrier  diffusion  from  the  substrate  to 
the  depletion  layer  of  the  detector  is  ignored.  The  primary  purpose  of  the  simulations  in 
this  section  is  to  demonstrate  the  operation  of  the  optical  portion  of  the  cell.  An  estimate  of 
the  actual  transient  behavior  is  given  in  Section  5.5. 

The  results  in  Fig.  5-11  show  the  transfer  of  a  logic  zero  to  the  DATA  node  of  the 
cell  and  a  logic  one  to  the  NOT  DATA  node  in  approximately  20  ns.  Figure  5-13  shows 
the  same  transitions  as  a  function  of  the  gate  voltage  of  transistor  T8.  The  optical  write 
process  is  complete  when  Vgs  is  approximately  2.3  volts.  For  the  optically  written  logic 
zero,  the  gate  voltage  at  which  the  transition  occurs  is  determined  by  the  amount  of  current 
T8  must  sink  to  discharge  the  capacitance  at  the  DATA  node.  Thus,  the  required  value  of 
Vgs  is  independent  of  Ip.  The  theoretical  value  for  the  detector  output  then  becomes  2.3 
volts  for  the  transfer  of  optical  data  to  the  cell. 

From  the  experimental  and  simulation  data  in  Fig.  5-9,  the  theoretical  Vgs  implies 
transistor  T8  must  sink  at  least  75-80  pA  to  pass  a  zero  to  the  DATA  node.  The  projected 
laser  power  required  for  optical  data  transfer  can  be  extracted  from  Fig.  4-16.  For  an 
output  of  2.3  volts,  the  detector  with  a  saturated  PMOS  load  requires  an  optical  input  of 
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Figure  5-13.  DATA  Node  Voltage  as  a  Function  of  Transistor  T8  Gate  Voltage. 

8-12  pW.  This  assumes  the  laser  light  is  contained  within  the  boundaries  of  the 
photodetector.  When  the  beam  spot  radius  is  15  pm  and  the  detector  dimensions  are  16 
pm  x  16  pm,  the  simple  ratio  of  areas  in  equation  (3.4)  reduces  the  required  incident  optical 
power  to  2.9-4-3  pW.  These  values  are  consistent  with  the  experimental  results  in  Section 
5.3.3. 


5.3.2  Optical  Detection  and  Storage  Cell  Layout 

The  layout  for  a  single  optical  detection  and  storage  cell  is  shown  in  Fig.  5-14.  The 
design  rules  for  the  layout  are  based  on  a  CMOS  p-well  fabrication  process  with  two  metal 
layers  and  one  or  two  polysilicon  layers.  The  second  polysilicon  layer  was  ignored. 
Scalable  CMOS  rules  for  a  2  pm  (lambda=1.0)  process  were  used.  The  minimum  channel 
width  for  MOSFETs  was  3  pm.  Additional  information  on  the  layout  and  fabrication 
procedure  is  given  in  Appendix  A. 

The  cell  area  was  not  minimized  since  the  total  dimensions  needed  to  be  100  pm  x 
100  pm  to  be  compatible  with  the  optical  input  signals.  The  light  sensitive  region  measures 
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Figure  5-14.  Layout  of  an  Optical  Detection  and  Storage  Cell. 
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16  jim  x  16  pm  and  is  protected  on  three  sides  by  a  guard  ring  made  up  of  a  chain  of 
substrate  contacts.  The  BIT  line,  NOT  BIT  line,  and  ground  run  vertically  in  the  metal2 
layer.  A  single  word  line  runs  horizontally  in  polysilicon.  The  supply  bus  runs  across  the 
guard  ring  and  in  both  directions  in  the  metal  1  layer.  Well  and  substrate  contacts  are  not 
shown,  except  for  the  guard  ring.  Generally,  contacts  for  biasing  the  n-  substrate  and  p- 
wells  are  located  adjacent  to  the  source  contacts  for  each  of  the  PMOS  and  NMOS 
transistors,  respectively. 

A  photograph  of  a  test  cell  is  shown  in  Fig.  5-15.  In  this  circuit  the  detector  was 
placed  approximately  100  Jim  from  the  RAM  cell.  This  type  of  layout  does  not  apply  to  the 
cells  iterated  to  form  an  array.  The  configuration  in  Fig.  5-15  was  used  for  initial 
verification  of  the  optical  data  transfer  concept  and  to  determine  if  reductions  in  crosstalk 
significantly  improved  the  optical  performance  of  the  cell.  No  crosstalk  problems  were 
encountered  in  this  cell  or  in  the  cells  fabricated  according  to  the  layout  in  Fig.  5-14. 

Several  other  cells  with  different  detector  dimensions  and  transistor  aspect  ratios  were 
fabricated  and  tested. 


Figure  5-15.  Photograph  of  a  Detection  and  Storage  Test  Cell. 


5.3.3  Experimental  Results  for  Optically  Written  Logic  Zero 

The  laser  power  required  for  optically  writing  a  logic  zero  to  the  DATA  node  of  a 
single  detection  and  storage  cell  was  determined  experimentally.  A  Helium-Neon  laser  (k  = 
0.6328  pm)  was  used  as  the  light  source  in  the  experimental  setup  described  in  Appendix 
B.  The  output  of  the  laser  was  focused  into  and  out  of  a  15  pm  diameter  spatial  filter  by 
two  10X  microscope  objectives.  A  beam  steering  instrument  composed  of  two  mirrors 
directed  the  filtered  beam  to  a  10X  microscope  objective  and  eyepiece,  which  then  focused 
the  light  onto  the  chip  containing  the  optoelectronic  circuits.  The  final  microscope  objective 
and  the  chip  were  each  mounted  on  an  XYZ  micropositioning  stage. 

The  incident  light  was  assumed  to  have  the  profile  of  a  zero-order  Gaussian  beam, 
which  had  most  of  the  noise  removed  by  the  15  pm  pinhole  aperture  of  the  spatial  filter. 
Although  the  spot  radius  was  estimated  to  be  30-45  pm,  the  results  in  this  section  are  not 
adjusted  for  the  relative  areas  of  the  light  beam  and  the  detector.  This  is  because  raw  data  is 
more  easily  supported  by  repeated  experiments.  Furthermore,  methods  of  determining  the 
beam  spot  size  are  not  precise  enough  to  support  adjustment  of  data.  The  beam  spot  size  is 
addressed  in  Appendix  B. 

The  configuration  in  Fig.  5-16  illustrates  the  method  for  monitoring  the  optically 
written  logic  zero  to  the  cell.  To  start  the  experiment,  a  variable  beam  splitter/attenuator 
was  used  to  reduce  the  total  power  of  the  transmitted  light  to  approximately  20  pW.  With 
the  word  line  connected  to  a  5  volt  supply,  the  output  of  the  BIT  line  buffer  was  monitored 
on  an  oscilloscope  while  the  chip  position  was  varied  in  the  X-Y  plane.  Rough  alignment 
of  the  beam  and  detector  was  achieved  by  positioning  the  chip  to  cause  a  change  in  the  state 
of  the  BIT  line  output.  The  incident  power  was  then  reduced  below  the  threshold  required 
for  changing  the  state  of  the  cell.  This  allowed  for  a  more  precise  alignment  by  adjusting 
the  chip  position  until  the  maximum  response  to  the  optical  input  was  obtained.  Finally, 
the  position  of  the  chip  was  adjusted  along  the  Z-axis  to  obtain  the  best  response. 
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Figure  5-16.  Experimental  Circuit  for  Optically  Written  Logic  Zero. 


The  first  step  in  the  general  procedure  for  testing  the  detection  and  storage  cell  was  to 
block  the  light  source  with  an  opaque  object  and  set  the  DATA  node  to  a  logic  one.  This 
was  accomplished  by  connecting  the  NOT  BIT  line  to  ground  and  then  switching  the  word 
line  to  VDD.  Once  the  logic  one  was  stored  at  the  DATA  node,  the  NOT  BIT  line  was 
allowed  to  float.  The  opaque  object  was  then  removed  from  the  beam  path,  exposing  the 
detector  to  the  optical  signal.  Two  methods  were  used  to  take  measurements  of  the  DATA 
node  voltage.  During  part  of  the  experiment  the  BIT  line  voltage  was  continuously 
monitored  on  an  oscilloscope  while  the  word  line  was  held  high.  When  the  word  line  was 
high,  the  BIT  line  was  connected  to  the  DATA  node  via  the  access  transistor.  A  CMOS 
inverter  on  the  same  chip  was  used  as  an  output  buffer.  This  allowed  observation  of  the 
transition  of  the  DATA  node  voltage  during  the  optical  write  operation,  but  added  a  small 
capacitance  that  had  to  be  discharged  along  with  the  DATA  node  capacitance.  Gradually 
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increasing  the  laser  power  caused  the  DATA  node  voltage  to  initially  make  a  smooth 
transition  to  a  slightly  lower  level  and  then  pass  through  an  unstable  level  before  falling  to  a 
logic  zero. 

The  optically  written  logic  zero  was  also  observed  using  a  normal  electrical  read 
operation.  The  BIT  lines  and  the  word  line  were  used  to  electrically  set  the  DATA  node  to 
a  logic  one  as  previously  described.  With  the  word  line  low,  the  light  source  was  then 
pulsed  on  and  off.  After  the  laser  was  turned  off,  the  word  line  was  raised  to  Vdd  to 
transfer  the  stored  information  to  the  BIT  line  and  output  buffer.  The  laser  power  was 
increased  after  each  read  operation  until  a  logic  zero  was  transferred  to  the  BIT  line. 

For  both  methods  of  measurement,  the  laser  power  required  to  optically  write  a  logic 
zero  was  between  2.9  pW  and  3.35  (iW  as  shown  in  Fig.  5-17.  The  range  of  values  is 
partially  attributed  to  variations  at  the  light  source  and  in  the  alignment  and  focus  of  the 
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Figure  5-17.  Light  Beam  Power  Measurements  for  Optically  Written  Logic  Zero. 
The  data  points  are  for  an  isolated  optical  detection  and  storage  cell.  Error  bars  are 
based  on  observed  fluctuations  in  incident  light  power. 
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light  beam.  The  method  of  measurement  did  not  significantly  affect  the  results.  The  low 
power  measured  for  the  single-cell  optical  write  process  agrees  with  the  measured  results 
for  an  array  of  cells  discussed  later  in  this  chapter. 

5.3.4  Detection  and  Storage  of  a  Logic  One 

The  difficulty  in  writing  a  logic  one  directly  to  the  DATA  node  of  a  static  RAM  cell 
has  already  been  mentioned.  Circuits  for  writing  a  logic  one  are  shown  in  Fig.  5-18. 
Figure  5- 18(a)  replaces  the  OWZ  circuit  with  an  optical  circuit  that  passes  a  logic  one 
directly  to  the  DATA  node.  This  circuit  is  likely  to  require  a  larger  voltage  on  the  gate  of 
pass  transistor  T12  than  its  OWZ  counterpart.  A  more  practical  method  of  writing  a  logic 
one  to  the  DATA  node  is  to  write  a  logic  zero  to  the  NOT  DATA  using  the  circuits 
described  in  Section  5.2.1.  In  Fig  5- 18(b),  the  OWZ  circuit  has  been  connected  to  the 
NOT  DATA  node  instead  of  the  DATA  node.  The  operation  of  the  circuit  is  similar  to  that 
of  the  detection  and  storage  cell  in  Fig.  5-10. 

Figure  5-19  is  a  combination  of  the  circuits  in  Figs.  5-10  and  5-18(b).  A  single 
detector  circuit  writes  a  logic  zero  to  either  side  of  the  cell.  The  appropriate  node  is  selected 
by  a  control  line  which  transfers  the  logic  zero  via  a  transmission  gate  or  n-channel 
MOSFET.  This  circuit  eliminates  the  need  to  electrically  preset  an  array  of  cells  to  a  logic 
one  prior  to  transfer  of  data  from  a  holographic  ROM.  A  sequence  of  two  optical  write 
operations  can  set  any  bit  pattern,  regardless  of  the  original  states  of  the  RAM  cells.  The 
first  operation  may  be  used  to  set  the  array  to  either  all  logic  ones  or  all  logic  zeros.  The 
next  operation  writes  a  zero  or  one  to  selected  DATA  nodes.  This  circuit  reduces  the 
amount  of  information  that  must  be  stored  in  the  hologram.  The  complement  of  each 
DATA  node  bit  pattern  can  be  obtained  by  writing  the  same  pattern  to  the  NOT  DATA 
nodes  after  all  cells  have  been  optically  set  to  a  logic  zero.  The  control  nodes  may  be 
electrically  or  optically  switched  on  and  off. 
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Figure  5-18.  Circuits  for  Detecting  and  Storing  an  Optically  Transmitted  Logic  One. 
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5.4  Optical  Detection  and  Storage  Cell  Array 

A  4  x  4  array  of  the  optical  detection  and  storage  cell  in  Fig.  5-10  was  fabricated  and 
tested.  The  40-pin  chip  shown  in  Fig.  5-20  is  2200  pm  wide  and  2250  pm  long.  It 
contains  the  400  pm  x  400  pm  storage  cell  array  and  a  variety  of  other  individual  cells  and 
detector  circuits  used  for  measurements.  The  substrate  and  p-wells  are  connected  to  Vdd 
and  ground,  respectively.  The  eight  BIT  and  NOT  BIT  lines  of  the  4  x  4  array  were 
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Figure  5-20.  Photograph  of  Chip  with  Optical  Detection  and  Storage  Cell  Array. 


each  connected  to  a  bonding  pad  on  the  chip.  Pins  were  also  provided  for  individual  access 
to  the  four  word  lines. 

The  detector  array  is  organized  as  shown  in  Fig.  5-21.  The  16  detectors  in  the  ajnray 
are  drawn  with  scaled  dimensions  and  spacing  using  the  layout  format  of  Fig.  5-14.  All 
access  and  optical  circuit  transistors  are  shown  in  schematic  form  for  simplicity.  The  cross- 
coupled  inverters  are  shown  as  gate  level  symbols.  Spacing  is  not  to  scale  for  the  ground 
and  BIT  lines,  which  run  vertically  in  the  metal2  layer.  The  power  supply  bus  runs 
horizontal  except  where  it  follows  the  shape  of  the  guard  ring. 

Figure  5-22  is  an  isolated  view  of  the  storage  cell  array.  A  magnified  view  of  a 
portion  of  the  array  is  shown  in  Fig.  5-23.  The  PMOS  load  devices  are  visible  just  above 
the  16  detectors  and  guard  rings.  Some  of  the  load  transistors  show  a  metal2  shield 
covering  the  channel.  These  metal  rectangles  were  installed  to  reflect  stray  light  away  from 
the  load  device.  No  performance  difference  was  observed  between  the  devices  with  the 
shield  and  those  without  it.  Measurements  were  taken  via  bonding  pad  connections. 


104 


ic  Diagram  of  4  x  4  Cell  Array. 
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Figure  5-22.  Photograph  of  4  x  4  Optical  Storage  Cell  Array 
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The  electrical  and  optical  performance  characteristics  of  the  cells  were  determined 
experimentally.  The  electrical  read  and  write  operations  of  the  array  of  cells  were  tested  in 
the  laboratory  using  a  power  supply,  an  oscilloscope,  and  a  voltmeter.  The  stored  data  was 
measured  via  the  access  transistors  and  the  BIT  line.  An  integrated  CMOS  inverter  was 
used  as  an  output  buffer.  With  the  oscilloscope  disconnected  from  the  output,  the  NOT 
BIT  line  was  connected  to  ground  while  the  word  line  was  connected  to  Vdd-  The  word 
line  was  then  lowered  to  ground  to  allow  connection  of  the  oscilloscope  to  the  BIT  line. 
When  the  word  line  was  again  raised  to  5  volts,  the  BIT  line  showed  a  logic  one  had  been 
written  to  the  DaTA  node.  This  complete  procedure  was  repeated  with  the  roles  of  the  BIT 
line  and  the  NOT  BIT  line  reversed.  Under  these  conditions,  a  logic  zero  was  determined 
to  have  been  written  to  the  DATA  node.  The  procedure  for  electrically  writing  a  logic  one 
was  followed  again  to  ensure  a  logic  one  could  be  written  when  the  original  state  was  a 
logic  zero. 

The  optical  write  operation  was  tested  using  a  16-bit  array  of  light  beams.  The  beam 
pattern  was  established  by  an  optical  mask  and  focused  on  the  cell  array  by  a  series  of 
lenses.  A  5  W  Argon  laser  was  used  for  this  experiment  because  it  is  the  primary  light 
source  used  in  the  development  of  the  holograms  for  optical  ROM-to-electronic  RAM  data 
transfer  research.  Generally,  the  quantum  efficiency  of  silicon  detectors  is  lower  at  the 
Argon  emission  wavelength  of  0.5145  p.m  than  at  longer  wavelengths  up  to  0.8  nm  [53], 
This  is  attributed  to  the  increased  absorption  near  the  surface  for  shorter  wavelengths. 
Carriers  generated  near  the  surface  are  more  likely  to  recombine  instead  of  contributing  to 
the  photocurrent.  From  equation  (3.4),  the  number  of  photon-generated  carriers  absorbed 
is  proportional  to  (l-eax),  where  a  is  the  absorption  coefficient  and  x  is  the  distance  into 
the  silicon  device.  Using  Fig.  3-8,  the  approximate  values  of  a  for  Helium-Neon  and 
Argon  are  0.5  and  0.9  [jim]'1,  respectively.  Based  on  these  values,  the  percent  of  photons 
absorbed  is  shown  in  Fig.  5-24  for  distances  corresponding  to  the  approximate  junction 
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Figure  5-24.  Photon  Absorption  Profile  for  He-Ne  and  Argon  Lasers.  The  plot 
assumes  a  p+n-  photodiode  with  a  reverse  bias  voltage  of  5  V. 

and  depletion  layer  depths,  and  one  hole  diffusion  length  into  the  substrate.  Inspection  of 
the  absorption  profile  in  the  figure  reveals  the  response  of  the  detector  to  the  Argon  laser 
should  be  similar  to  the  response  to  the  He-Ne  laser.  The  number  of  photons  absorbed  in 
the  depletion  layer  is  62%  and  67%,  respectively.  When  diffusion  from  the  substrate  is 
considered,  the  He-Ne  laser  generates  slightly  more  carriers  that  contribute  to  the 
photocurrent  than  the  Argon  laser. 

Optically  written  logic  zeros  were  observed  for  each  of  the  three  patterns  in  Fig.  5- 
25.  The  measurements  were  taken  according  to  the  chart  in  Fig.  5-26.  The  Argon  laser 
output  was  directed  onto  the  cell  array  via  a  series  of  beam  steering  mirrors,  a  beam 
splitter/attenuator,  and  a  50  |im  spatial  filter  pinhole.  The  light  beam  was  focused  with  two 
optical  glass  lenses.  The  chip  was  mounted  on  a  circuit  board,  which  was  clipped  to  a  360 
degree  rotation  stage.  The  rotation  stage  was  mounted  on  an  XYZ  micropositioning  stage. 


He-Ne  Argon 

22.1%  36.2% 

89.5%  98.3% 
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Figure  5-25.  Light  Patterns  Used  to  Test  Optical  Detection  and  Storage  Cell  Array. 
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As  shown  in  Fig.  5-26,  the  transfer  of  optical  data  was  verified  using  the  electrical 
read  operation.  In  this  procedure,  all  cells  were  electrically  set  to  a  logic  one.  With  the 
word  lines  held  low,  the  light  source  was  turned  on  and  off.  After  the  laser  was  turned  off, 
the  DATA  nodes  were  read  electrically  by  individually  pulsing  the  word  lines  to  a  logic 
one.  The  optical  write  process  was  also  observed  while  continuously  monitoring  selected 
DATA  nodes. 

The  output  of  the  memory  cell  array  to  the  BIT  lines  was  observed  using  an  external 
circuit  specifically  designed  for  that  purpose.  The  output  circuit  was  made  up  of 
commercially  available  CMOS  and  TTL  integrated  circuits  and  light  emitting  diodes  (LED). 
An  LED  display  was  arranged  in  a  4  x  4  array  similar  to  the  memory  array.  When  the  LED 
for  a  particular  bit  was  on,  the  corresponding  DATA  node  was  storing  a  logic  one.  The 
light  turned  off  when  the  logic  zero  was  written.  The  output  circuit  allowed  monitoring  of 
one  complete  row  of  the  cell  array  at  a  time  without  significantly  loading  the  BIT  lines.  The 
output  display  circuit  is  described  in  Appendix  D. 

All  electrical  and  optical  operations  tested  during  the  experiments  worked  as 
designed.  The  laser  power  required  for  the  pattern  in  Fig.  5-25(a)  was  50.2  |iW.  This 
gives  an  average  of  3.35  pW  for  each  of  the  15  illuminated  pixels.  No  adjacent  cell 
interference  was  recorded  for  any  of  the  patterns  tested.  These  results  are  consistent  with 
the  experimental  data  provided  in  Section  5.3.3  for  a  single  cell.  The  laser  power  levels 
were  similar,  although  a  He-Ne  laser  was  used  for  those  experiments. 

5.5  Optical  Detection  and  Storage  Cell  Analysis 

Although  the  optical  and  electrical  operation  of  the  detection  and  storage  cell  in 
Section  5.3.1  has  been  discussed,  very  little  attention  has  been  given  to  the  effects  of  the 
optical  circuit  on  the  electrical  SRAM  cell  operations.  The  obvious  effects  include  the 
addition  of  an  NMOS  device  drain  capacitance  to  the  DATA  node.  The  overlap  capacitance 
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and  drain-bulk  capacitance  calculate  to  be  approximately  6.55  fF  when  a  logic  one  is  stored 
at  the  DATA  node  and  13.5  fF  for  a  logic  zero.  The  cell  capacitance  is  discussed  in  detail 
in  Section  5.5.2. 

Another  effect  is  that  the  logic  one  voltage  at  the  DATA  node  may  be  slightly  less 
than  Vdd  because  of  current  leakage.  As  discussed  in  Chapter  4,  the  dark  output  voltage 
(~1.3  V)  of  the  detector  and  saturated  PMOS  load  circuit  is  slightly  greater  than  the  n- 
channel  transistor  threshold  voltage.  This  causes  transistor  T8  in  Fig.  5-9  to  be  barely  on 
under  dark  conditions.  Although  the  DATA  node  voltage  could  not  be  measured  directly  in 
the  laboratory,  simulation  results  give  a  value  of  4.77  volts.  For  the  applications  in  this 
thesis,  this  effect  is  ignored. 

Under  some  conditions,  other  interaction  may  occur  between  the  optical  and  the 
electrical  components  of  the  stoiage  cell.  This  section  considers  the  effects  of  the  optical 
circuit  on  the  electrical  operation  of  the  cell  when  both  circuits  are  active.  Although  not  the 
main  focus  of  this  work,  the  transient  response  of  the  optical  circuit  will  also  be  addressed. 

5.5.1  Optical  Circuit  Effects  on  Cell  Operation 

The  SRAM  cell  with  optical  write  capability  was  independently  tested  for  proper 
electrical  and  optical  operation.  Due  to  the  possibility  of  the  optical  circuit  being  activated 
by  BIT  or  word  line  coupling,  electromagnetic  interference,  or  optical  noise,  the  effects  of 
this  phenomena  on  electrical  read  and  write  operations  have  been  investigated.  In  the 
following  paragraphs,  the  photocircuit  portion  of  Fig.  5-10  is  assumed  to  be  temporarily, 
but  unintentionally,  active  during  the  electrical  operation  of  the  SRAM  cell. 

5.5.1. 1  Electrical  WRITE  ZERO 

The  circuit  in  Fig.  5-27  gives  the  disposition  of  the  data  storage  cell  at  the  start  of 
WRITE  ZERO.  The  existing  state  is  assumed  to  be  a  logic  one.  If  the  photocircuit  access 
transistor  temporarily  turns  on  during  the  write  cycle,  T8  simply  shunts  T5  and  T1  and 
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speeds  up  the  writing  of  the  logic  zero.  At  the  end  of  the  write  operation,  T3  is  in  cutoff. 
The  current  flow  through  the  DATA  node  is  approximated  by  Isp  =  fen  =  0,  where  Ilh,  is 
the  total  current  in  Tl,  T5,  an  T8.  This  gives  Vdata  ~  0,  which  is  the  normal  output  low 
voltage  for  a  CMOS  inverter.  For  this  operation,  the  photocircuit  has  minimal  impact  on 
the  electrical  operation  of  the  cell. 

5.5.1.2  Electrical  READ  ZERO 

The  initial  state  of  the  storage  cell  during  READ  ZERO  is  shown  in  Fig.  5-28. 
Although  the  BIT  line  at  T5  will  actually  discharge  during  the  read  access,  it  is  assumed  to 
remain  at  the  supply  voltage  level  to  obtain  worst  case  conditions  for  this  analysis.  If  the 
photocircuit  is  coupled  to  the  BIT  line  or  word  line,  T8  may  temporarily  turn  on  at  the  start 
of  the  read  cycle.  Again,  the  gate  of  T8  is  simply  connected  to  the  supply  voltage  to 
approximate  the  worst  case.  As  shown  in  Fig.  5-28,  T8  shunts  Tl  and  reduces  the 
effective  resistance  of  the  driver  circuit  This  is  equivalent  to  increasing  the  aspect  ratio  of 
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Figure  5-28.  Detection  and  Storage  Cell  at  the  Start  of  READ  ZERO. 


Tl,  which  reduces  the  output  low  voltage  of  the  enhancement  load  inverter  formed  by  T5 
and  Tl.  This  can  be  shown  by  summing  the  current  at  the  DATA  node,  which  gives 


!D5  ”  *D1  +  *D8 


where  Isp  =  0  is  assumed  and  the  numerical  subscripts  correspond  to  the  devices  in  the 
circuit.  Transistor  T5  is  saturated,  while  Tl  and  T8  are  nonsaturated.  Substituting  the 
respective  drain  current  equations  gives 


(t-)T5[vdd  -vx  -vTn<vx>]2  =  (T)T1[2(vi»  -  v-n.)vx  -  vx] 

+(r)  [2(vdd-vt»)vx-^].  <5.8) 

T8 
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where  Vx  is  the  voltage  at  the  DATA  node  and  body- bias  effects  arc  included.  Using 
aspect  ratios  from  Fig.  5-10  and  numerical  parameters  from  Table  A-l,  an  iterative  solution 
for  Vdd  =  5  V  gives  Vx  =  0.302  volts.  This  value,  which  is  consistent  with  expectations, 
can  be  compared  with  Vol  =  0.51  volts  without  the  optical  circuit  as  given  in  Table  2-3. 
Thus,  the  optical  circuit  does  not  have  a  negative  effect  on  this  electrical  operation  of  the 
cell. 


5.5.1.3  Electrical  WRITE  ONE 

The  electrical  WRITE  ONE  cycle  is  assumed  to  start  with  the  storage  cell  at  a  logic 
zero  state  as  in  Fig.  5-28.  The  bit  line  at  T6  is  discharged  to  a  logic  zero,  while  T5  remains 
connected  to  a  logic  one.  The  disposition  of  the  cell  at  the  start  of  WRITE  ONE  is  shown 
in  Fig.  5-29.  Initially,  T8  shunts  T1  as  during  READ  ZERO;  however,  for  the  write 
operation,  T1  must  eventually  be  turned  off  by  the  logic  zero  applied  at  T6.  Thus,  the 
access  transistor  T5  and  the  photocircuit  transistor  T8  form  an  inverter  with  a  saturated 
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enhancement  mode  load.  Transistor  T5  is  in  parallel  with  T3,  which  turns  on  when  the 
logic  one  is  written.  For  the  logic  one  to  be  written  under  worst  case  conditions  the 
T3/T5/T8  inverter  should  have  an  output  low  voltage  Volw  as  large  as  possible.  Since  the 
two  CMOS  inverters  are  cross-coupled  and  a  logic  zero  is  being  written  to  the  opposite  data 
node,  Volw  for  the  T3/T5/T8  inverter  must  be  at  least  greater  than  the  input  low  voltage  for 
the  CMOS  inverters.  Summing  currents  at  the  DATA  node  and  assuming  T3  is 
nonsaturated  (Vdata  =  Vx  £  IVrpl),  the  analysis  equation  becomes 

(?■)„[' VDD  -  vx  -  vt»  )] 2 = (t)J2  ( Vdd  -  V-n,  y Vx  -  ■ Vx  ] 

-^(f)T3[2(VDD  +  V-^XVdd  -  Vx)  -(Vdd  -  Vx)2]  <59> 

where  body-bias  effects  are  considered.  When  Vdd  =  5  V,  an  iterative  solution  is  gives 
Vx  =  0.78  V.  For  the  electrical  WRITE  ONE  to  overcome  the  effects  of  the  optical  circuit, 
this  value  of  Vx  =  Volw  needed  to  be  greater  than  Vil  =  1 .37  volts  as  provided  in  Table 
2-3. 

The  output  low  voltage  analysis  in  Chapter  2  for  the  access  inverter  with  T1  as  the 
driver  also  applies  to  the  access  inverter  with  T8  as  the  driver  when  the  current  of  T3  is 
neglected.  The  output  low  voltage  increases  when  the  size  of  T8  decreases.  Referring  to 
Table  2-3  and  Fig.  2-6,  the  value  for  (W/L>r8  needs  to  be  less  than  3/4  when  all  other 
devices  remain  unchanged.  Since  Volw  will  be  greater  than  Vil  for  the  CMOS  inverter,  a 
logic  one  may  be  written  electrically  despite  the  temporary  state  of  the  optical  circuit.  The 
optical  noise  margin  (NMO)  for  WRITE  ONE  will  be  defined  as  NMO  =  Volw  -  Vil- 
The  tradeoffs  necessary  to  satisfy  the  requirements  in  this  section  are  significant 
Although  the  analysis  assumes  the  gate  voltage  of  T8  is  at  the  supply  rail,  this  is  not  likely 
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to  occur.  The  analysis  may  be  repeated  with  a  lower  gate  voltage.  In  this  case,  tne  channel 
resistance  of  T8  increases  and  Volw  becomes  larger,  which  permits  a  larger  (W/L>t8. 
Making  the  channel  of  T8  longer,  reduces  the  ability  of  the  optical  circuit  to  sink  current 
from  T3  and  discharge  the  capacitance  of  the  DATA  node  in  a  timely  manner. 

I 

5.5.1.4  Electrical  READ  ONE 

The  configuration  of  the  storage  cell  at  the  start  of  READ  ONE  is  shown  in  Fig.  5- 
30.  The  access  transistor  T5  shunts  T3  when  the  word  line  is  turned  on.  If  the 
photocircuit  is  coupled  to  the  word  line  or  the  BIT  line,  T8  may  temporarily  turn  on  during 
the  read  access.  When  T8  is  on,  it  acts  as  the  driver  for  an  inverter  which  has  T5  and  T3  as 
load  devices.  The  output  low  voltage  of  the  T5/T3/T8  inverter  must  remain  above  the 
threshold  voltage  of  the  CMOS  inverter.  For  READ  ONE,  the  minimum  voltage  is  the 
CMOS  inverter  threshold  V*  instead  of  Va,  because  a  logic  zero  is  not  being 
simultaneously  written  to  the  opposite  data  node  as  occurs  in  WRITE  ONE.  This 
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restriction  will  significantly  reduce  the  aspect  ratio  of  T8.  The  impact  may  be  reduced  by 
including  T3  as  a  load  device  instead  of  neglecting  it  as  in  the  last  section.  Retaining  T3 
increases  the  design  value  of  the  T5/T3/T8  inverter  low  output  voltage  Volr.  which  allows 
a  larger  aspect  ratio  for  T8. 

The  value  of  Volr  niay  be  determined  by  summing  the  currents  at  the  DATA  node. 
With  T8  and  T3  in  the  nonsaturated  mode  and  T5  saturated,  the  KCL  equation  is 

L2  (  VDD  -  VTn  )  VOLR  ~  VOLR ]  =  [(  VDD  “  VOLR  )  “  VTn(  VOLR  )  ] 

PT8 

+  ft  [2(VDD  +VTp)(VDD  _VOLr)“  (VDD  ”  VOLR)  ]  ^510^ 

PT8 

where  Volr  is  the  output  low  voltage  to  be  determined.  With  body  bias  effects  included 
for  T5,  equation  (5.10)  must  be  solved  by  iteration  in  conjunction  with  the  access  transistor 
threshold  voltage  given  by 

VT„(  VOLR)  =  VTO  „  +  Y(  VVolr  +  21^1  -7^|)  (5.11) 

where  Vxn(VoLR)  implies  Vxn  is  a  function  of  Volr-  The  solution  to  equation  (5.10)  is 
Volr  =  0.78  V.  Repetitive  solutions  for  smaller  aspect  ratios  for  T8  will  show  that  the 
aspect  ratio  of  T8  must  be  reduced  below  3/4  to  satisfy  Volr  >  Vm-  Since  this  was  not  a 
worst  case  calculation,  Volr  should  also  include  a  small  margin  for  error. 

The  aspect  ratio  for  T8  based  on  Volr  is  smaller  than  the  maximum  value  based  on 
Volw-  A  successful  electrical  READ  ONE  with  the  optical  circuit  active  implies  a 
successful  WRITE  ONE  and  all  other  electrical  operations  under  the  same  conditions.  The 
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conditions  described  in  this  section  are  not  required  for  the  design  of  all  optical  detection 
and  storage  cells.  The  cell  design  procedure  depends  on  the  application.  The  detection  and 
storage  cells  presented  in  this  chapter  and  used  for  experimentation  are  not  designed  based 
on  this  analysis. 

5.5.2  Optical  Circuit  Transient  Response 

The  transient  response  of  the  detection  and  storage  cell  in  Fig.  5-10  to  an  input 
photocurrent  is  the  total  response  time  for  a  memory  array  since  information  is  transmitted 
in  parallel.  The  speed  at  which  optically  transmitted  data  is  written  does  not  depend  on  the 
number  of  storage  cells  accessed.  Thus,  the  time  saved  when  data  is  written  in  parallel 
instead  of  sequentially  increases  with  the  size  of  the  memory.  Verification  of  the  optical 
access  time  for  a  single  cell  will  allow  comparison  of  the  optical  write  time  with  the 
electrical  write  time  for  any  size  memory  array. 

The  response  of  the  storage  cell  to  a  photonic  input  is  complex  since  more  than  one 
capacitive  node  is  charging  or  discharging  during  the  optical  write  process.  In  Fig.  5-10, 
the  NOT  DATA  node  voltage  rises  while  the  DATA  node  voltage  falls.  The  NOT  DATA 
node  controls  the  gates  of  T1  and  T3  during  the  write  operation.  Changes  in  the  gate 
voltage  as  well  as  the  drain-source  voltage  cause  variations  in  the  channel  conductance  of 
these  devices.  This  affects  the  flow  of  current  from  the  DATA  node  and  the  rate  at  which 
the  node  capacitance  discharges. 

The  time  needed  to  write  a  logic  zero  also  depends  on  the  response  of  the  optical 
circuit.  When  light  is  incident  on  the  detector,  the  gate  voltage  of  T8  rises  at  a  rate 
determined  by  the  source  node  of  T7.  As  the  gate  voltage  increases,  the  drain  voltage  of  T8 
decreases,  along  with  the  DATA  node  voltage.  At  a  given  time  point,  the  source-drain 
voltage  of  T7  depends  on  the  capacitance  at  the  source  node,  the  resistance  of  the  channel, 
and  the  magnitude  of  the  photocurrent.  The  voltage  at  this  node  is  further  complicated  by 
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the  changing  photocurrent  magnitude  as  carriers  diffuse  from  the  substrate  to  the  depletion 
layer  of  the  detector. 

In  the  next  paragraphs,  several  expressions  that  represent  the  starting  point  for 
seeking  an  approximate  solution  to  the  transient  behavior  of  the  cell  during  the  optical  write 
process  are  given.  For  circumstances  in  which  an  analytical  solution  is  preferred  over  a 
SPICE  simulation,  some  of  the  expressions  may  be  simplified  by  assumptions.  The 
components  of  the  total  capacitance  at  the  DATA  node  are  provided  later  in  this  section. 

For  simplification,  the  capacitance  is  initially  assumed  to  be  a  single  fixed  value.  Summing 
currents  at  the  DATA  node  then  gives 


T  T  T  ^  y-l  ffata 

JD8  =  (*53  “  *01)  “  CDATA  — dt  ’ 


(5.12) 


where  all  transistor  currents  are  a  function  of  time-dependent  Vdata  as  well  as  a  time- 
dependent  gate  voltage.  The  drain  current  of  access  transistor  T5  is  neglected  since  the 
device  is  in  cutoff.  The  drain  current  of  T1  is  small,  but  not  necessarily  small  enough  to  be 
neglected.  At  the  start  of  the  optical  write  operation,  Idi  is  negligible  because  T1  is  in 
cutoff.  At  the  end  of  the  write  cycle,  the  current  in  T1  is  again  small  because  T3  is  in 
cutoff.  However,  at  some  point  during  the  transition  both  devices  are  on,  which  causes  a 
significant  current  flow  in  Tl.  This  current  speeds  up  the  discharge  time  for  Cqata  since 
T1  is  in  parallel  with  T8.  Thus,  neglecting  Iqi  would  give  a  conservative  estimate  of  the 
response  time. 

During  the  optically  written  logic  zero,  the  initial  drain  current  of  T8  is  given  by  [51] 


ID8“%(VGS8  VTOn) 


(5.13) 
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where  channel-length  modulation  is  neglected.  When  the  DATA  node  voltage  drops  such 
that  Vdata  ^  Voss  -  Vjon.  the  nonsaturation  drain  current  becomes 


XD8  ~  ~y{2(  VGS8  VTn  )  VDATA  ( VDATA  )  ^  '  (5. 14> 

Equation  (5.14)  only  applies  for  a  short  duration  since  Vcss  “  2  V  and  Vtp  =  1  V.  If  the 
optical  write  process  ends  when  the  DATA  node  reaches  Vjl  for  the  cross-coupled 
inverters,  then  nonsaturation  may  not  occur  if  Vjl  >  1  V.  Transistor  T3  is  in  the 
nonsaturation  region  of  operation  at  the  start  of  the  optical  write  process.  The  current  as  a 
function  of  the  DATA  and  NOT  DATA  node  voltages  is  determined  by 

1  S3  =  ^[2(  VDD  -  VDATA  +  VTp)(VDD  “  VDATA  )  “  CVH»- VDATA  (515> 

where  Vdata  is  the  voltage  at  the  NOT  DATA  node.  During  the  transition  of  the  DATA 
node  voltage,  T3  becomes  saturated  such  that 

JS3  =  if  (  VD°  ~  VDATA  +  VTp)  •  (516* 

The  set  of  analysis  equations  can  be  completed  by  adding  the  equation  for  the  drain 
current  of  T1  for  the  saturation  and  nonsaturation  regions  of  operation  and  the  expression 
for  Vcss  as  a  function  of  the  photocurrent  given  in  equation  (5.5).  An  optimistic  estimate 
of  the  discharge  time  of  the  DATA  node  can  be  found  by  assuming  the  drain  current  of  T1 
is  equal  the  source  current  of  T3.  Equation  (5.12)  is  then  reduced  to 
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I  =_c  _ — 

aD8  '“'DATA  dt 


(5.17) 


Substituting  equation  (5.8)  and  assuming  a  linear  average  value  for  Vcss  gives 


Pn  /  v  _y  \2  _  p  ^^daia 

~~2~  V  VGS8  VTn/  ~  ~~  '-DATA  dt 


(5.18) 


Transistor  T8  is  in  saturation  until  Vdata  =  Vgss  -  Vxn.  Making  that  substitution  and 
integrating  gives 


tSAT_  CDATA  1 


VGS8  VTn  2d  Vdata 

V°D  Pn(VGS8  “  VTn) 


(5.19) 


where  tsAT  is  tiie  discharge  time  while  T8  is  in  saturation.  Evaluating  the  integral  gives 


tSAT_  CDATA 


2(  VDD  +  VTn  ~  VGS8  ) 
Pn(VGS8  “  VTn) 


(5.20) 


Using  equation  (5.14)  with  Vdata  replaced  by  Vdata,  an  expression  can  also  be  found  for 
the  discharge  time  when  18  is  in  the  nonsaturation  region  of  operation.  The  results  give 


'DATA 


NONSAT  Pn(VGS8-VTn) 


,  T2(VGS8  VTn)  , 

In  - 77 - 1  , 


(5.21) 


where  the  logic  zero  is  written  when  Vqata  reaches  the  input  low  voltage  Vjl  of  the  cross- 
coupled  inverters.  Equations  (5.20)  and  (5.21)  may  be  combined  to  give  the  total  estimated 
time  for  transition  of  the  DATA  node  from  a  logic  one  to  a  logic  zero  during  the  optical 
write  process. 

The  capacitance  of  the  circuit  affected  by  the  optically  written  logic  zero  is  shown  in 
Fig.  5-31.  The  response  time  of  the  circuit  to  a  low  power  optical  input  can  be  estimated 
by  treating  the  rise  time  of  the  gate  of  T8  and  the  fall  time  of  the  DATA  node  as  two 
separate  events.  The  rise  time  of  the  gate  of  T8  will  be  considered  first.  An  expression  for 
the  transient  time  interval  will  be  determined  and  then  evaluated  using  experimental  data  and 
the  SPICE  model  parameters  provided  in  Table  A-l. 

The  photocurrent  provides  the  source  current  of  transistor  T7  and  charges  the 
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capacitance  at  the  gate  of  T8.  The  currents  at  the  source  node  of  T7  are  summed  to  obtain 


*S7  !P  ~  Cd 


d(VDD  Vl)  .  ^  d(  VDD  Vl) 


dt 


+  C 


'DP 
sb7  dt 


-C 


dVi 


-c. 


dVr 


GS7  dt  G8  dt 


(5.22) 


where  I$7  is  the  source  current  of  T7  and  Vl  is  the  gate  voltage  of  T8.  Equation  (5.22)  can 
be  written  as 


IS7“  IP  =  -(Cd  +Csb7  +CGS7 +  CG8)-^f‘  (5*23) 

or 

.20  dVT 

t  =  -(Cd +Csb7 +CGS7 +  CG8)J  — -  (5.24) 

13  ^(VL  +  VTp)2-,p 

where  the  expression  for  saturated  drain  current  has  been  substituted  for  Is7  and  body-bias 
is  temporarily  neglected.  Evaluating  the  integral  gives 


pp 


sb7  +CGS7  +  CG8) 


1 


'21 


■In 


P 

Pp 


1 21  Y 
+  (  VL  +  VTp) 
PP 


'21, 


-(Vl+Vtp) 


2.0 


(5.25) 
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where  the  integration  limits  are  based  on  experimental  results  provided  in  Fig.  4-16.  The 
capacitance  values  are  determined  from  the  model  parameters  in  Table  A-l  and  the 
dimensions  provided  in  Table  5-1.  When  the  capacitance  is  voltage-dependent,  the  largest 
possible  value  is  used. 

The  total  capacitance  in  equation  (5.25)  is  105.16  fF.  Approximately  40%  of  the 
total  capacitance  is  due  to  Q.  The  photocurrent  is  determined  from  the  product  of 
experimental  values  of  responsivity  and  laser  power.  Responsivity  is  given  as  0.178  A/W 
in  Chapter  3.  The  incident  laser  power  of  3.35  [iW  is  in  Section  5.3.  Evaluating  the 
equation  for  (W/L)p  =  3/30  and  Ip  =  0.596  |iA,  the  theoretical  time  interval  is  206.4  ns. 
Although  this  response  time  is  large,  several  factors  should  be  considered.  The  method  of 
calculation  included  worst  case  values  for  the  capacitance.  Also  the  photocunrent  was  not 
based  on  a  direct  measurement  from  the  storage  cell  and  is  most  likely  a  conservative  value. 


Table  5-1.  Dimensions  of  Devices  in  the  Optical  Detection  and  Storage  Cell 


DEVICE 

AD  (pm)2 

PD  (pm) 

2 

AS  (pm) 

PS  (pm) 

W  (pm) 

L  (pm) 

T1 

92.00 

64.5 

185.0 

74.5 

4 

2 

T2 

92.00 

64.5 

21.00 

18.5 

4 

2 

T3 

22.75 

19.5 

22.75 

19.5 

3 

4 

T4 

22.75 

19.5 

22.75 

19.5 

3 

4 

T5 

39.75 

31.5 

22.75 

19.5 

3 

4 

T6 

39.75 

31.5 

22.75 

19.5 

3 

4 

T7 

43.75 

34.5 

19.75 

18.5 

3 

30 

T8 

13.00 

14.5 

101.0 

58.5 

4 

2 

D1 


320.0 


72.0 
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The  response  time  can  be  improved  by  a  smaller  detector,  a  smaller  gate  area  for  T7,  or  a 
larger  photocurrent. 

The  second  phase  of  the  optically  written  logic  zero  occurs  when  the  gate  of  T8  has 
reached  2  volts.  At  this  point  the  DATA  node  discharges  through  T8  to  approximately  zero 
volts.  The  response  time  is  estimated  from  equations  (5.20)  and  (5.21)  after  the 
capacitance  at  the  DATA  node  is  known.  The  linear  average  capacitance  values  are  given  in 
Table  5-2,  as  determined  from  the  device  dimensions  in  Table  5-1  and  the  parameters  in 
Table  A-l.  Neglecting  line  capacitance,  the  total  average  node  capacitance  is  94.94  fF. 

This  gives  an  approximate  DATA  node  discharge  time  of  8.76  ns,  where  tsAT  =  6.88  ns 
and  tNONSAT  =  1.88  ns.  The  maximum  time  for  the  optically  written  logic  zero  is  then  215 
ns.  The  focus  of  improvements  to  the  cell  should  be  on  the  detector  and  load  circuit  since 
most  of  the  delay  occurs  in  that  part  of  the  cell.  The  response  time  of  the  detector  is 
inversely  proportional  to  the  photocurrcnt  Thus,  the  response  time  decreases  when  the 
laser  power  is  increased  during  the  optical  write  process.  The  cell  can  be  improved  with  a 
smaller  detector  and  a  correspondingly  smaller  beam  spot  size,  while  the  incident  power 
remains  constant  If  the  channel  length  of  T7  is  reduced,  the  magnitude  of  the  photocurrcnt 
must  increase  to  obtain  the  same  maximum  source-drain  voltage.  The  load  device  can  be 
optimized  by  reducing  the  channel  length  until  the  maximum  detector  output  voltage  for  a 
given  photocurrent  is  equal  to  the  minimum  required  gate  voltage  for  T8. 

Table  5-2.  Data  Node  Linear  Average  Capacitance  Values.  Numerical 

values  are  given  in  femtoFarads  (fF). 
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5.6  Chapter  Summary 

The  design,  implementation,  and  experimental  testing  of  circuits  for  detection  and 
storage  of  optical  data  have  been  presented  in  this  chapter.  The  proposed  optical  data 
transfer  concept  has  been  verified  with  these  circuits.  Experimental  results  were  provided 
for  individual  storage  elements  as  well  as  a  4  x  4  array  with  an  external  decoding  system. 
The  next  chapter  discusses  the  extension  of  optical  data  transfer  technology  to  other 
applications. 
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CHAPTER  6 


OPTOELECTRONIC  CIRCUIT  APPLICATIONS 

Transfer  of  data  from  a  holographic  ROM  is  just  one  of  the  many  applications  for  the 
circuits  and  concepts  presented  in  this  thesis.  Some  of  the  other  potential  applications  are 
discussed  in  this  chapter.  The  ideas  put  forth  here  by  no  means  form  an  exhaustive  list  of 
possibilities  that  could  have  been  considered.  Most  of  the  suggested  applications  are 
speculative,  and  intended  mainly  for  investigation  in  future  research. 

Generally,  the  photonic  input  to  circuits  will  be  called  P  when  the  light  is  on  and  P 
otherwise.  The  use  of  P  implies  the  incident  light  has  the  intensity  and  wavelength 
necessary  to  exceed  the  threshold  of  the  detector  circuit.  Although  P  corresponds  to  the 
light  being  on,  this  does  not  always  imply  a  logic  one.  However,  when  bright  true  logic  is 
specified,  the  presence  of  light  implies  a  logic  one  and  the  absence  a  logic  zero.  This  is 
particularly  useful  in  describing  the  optical  output  of  a  system. 

6.1  Optical  Computing 

Optical  computing  has  the  potential  for  significant  advantages  in  areas  such  as  speed, 
reliability,  and  size  when  compared  to  electronic  systems.  One  of  the  bottlenecks  in  the 
field  of  optical  computing  is  the  processing  and  distribution  of  data  from  the  output  of  a 
parallel  computation  stage.  Assuming  such  an  output  is  a  parallel  array  of  light  beams,  it 
can  be  directly  transferred  to  an  electronic  RAM  using  methods  described  in  this  thesis  and 
shown  in  Fig  6-1.  The  bright  true  logic  scheme  can  be  adhered  to,  since  an  optically 
written  logic  zero  can  be  applied  to  either  data  node  of  a  detection  and  storage  cell. 
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OPTICAL  RAM 
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Figure  6-1.  Transfer  of  Optical  Output  to  a  Static  RAM. 

6.1.1  Shadow-Casting  Logic 

Shadow  casting  [71, 72]  is  a  means  of  implementing  optical  parallel  logic  gates 
without  the  use  of  lenses.  Given  two  variables  A  and  B,  the  sixteen  logic  operations  in 
Table  6-1  can  be  performed  by  using  masks  to  code  the  inputs  according  to  the  patterns  in 
Fig.  6-2(a).  Superimposing  the  inputs  gives  the  patterns  with  one-quarter  of  each  mask 
transparent  as  shown  in  Fig.  6-2(b).  The  input  masks  can  be  illuminated  with  four  LEDs 
such  that  the  overlapping  shadows  are  cast  onto  a  3  x  3  screen  as  shown  in  Fig.  6-3.  The 
LEDs  are  arranged  such  that  each  casts  a  shadow  on  the  central  square  of  the  output  matrix. 
Illumination  of  the  central  square  can  be  expressed  as  the  logic  function  [73] 

c=a«(a»b)  +  P«(a»b)+Y»(a»b)  +  8*(a»b)  (6.1) 

where  c  is  the  output,  a  and  b  are  the  inputs,  and  a,  (3,  y,  and  8  designate  the  four  LEDs. 
Parallel  logic  gates  can  be  implemented  by  using  different  combinations  of  inputs  and 
LEDs.  All  four  LEDs  need  not  be  used.  For  example,  the  NAND  function  is  implemented 
only  with  p,  y,  and  8. 
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T able  6- 1 .  Logic  Operations  Performed  with  Two  V ariables. 


o 

II 

o 

tu 

F4  =  A*B 

F8  =  A+B 

F12  =  A 

FI  =A*B 

F5  =  B 

F9  =  A0B 

F13  =  A  +  B 

F2  =  A*B 

F6  =  A0B 

F10  =  B 

F14  =  A«B 

F3  =  A 

F7  =  A+B 

FI  1  =  A+B 

F15  =  1 

Figure  6-2.  Shadow-Casting  Logic,  (a)  Binary  inputs,  (b)  Superimposed  inputs.  [72] 
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Figure  6-3.  Shadow-Casting  System.  Shadows  are  shown  for  two  of  the  four 
LEDs.  All  four  LED  shadows  overlap  in  the  center.  [72] 

A  current  limitation  of  shadow  casting  is  the  processing  of  the  light  beam  output  of 
each  stage.  A  potential  application  for  the  optical  detection  and  storage  system  is  to  receive 
the  output  and  store  the  bits  for  eventual  transfer  to  the  next  computing  process.  This  can 
be  accomplished  simply  by  developing  a  mask  that  blocks  out  all  but  the  center  bit  of  each 
gate  output  screen.  The  single  output  beam  for  each  gate  is  then  transferred  to  a  storage 
cell.  Figure  6-4  shows  the  shadow-casting  output  screen  for  an  array  of  4  logic  gates.  The 
required  output  mask  and  a  4-bit  optical  detection  and  storage  cell  array  are  also  shown. 

6.1.2  Symbolic  Substitution  Logic 

Symbolic  substitution  logic  (SSL)  [73-75]  is  derived  from  the  notion  that  electronic 
computers  substitute  an  output  for  an  input  when  logic  operations  are  performed.  A 
general  SSL  system  is  shown  in  Fig.  6-5.  The  SSL  network  must  determine  the  input 
through  a  pattern  recognition  process.  It  then  substitutes  the  output  pattern  based  on  a 
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SHADOW-CASTING  OUTPUT  MASK  OPTOELECTRONIC 

SCREEN  RAM 


Figure  6-4.  Storage  of  Shadow-Casting  Output  in  an  Optoelectronic  RAM. 


SSL 

PROCESS 

Figure  6-5.  Symbolic  Substitution  Process. 
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predetermined  set  of  rules,  as  an  electronic  computer  would  perform  a  logic  operation. 

An  example  SSL  network  is  shown  in  Fig.  6-6.  The  process  starts  with  the 
recognition  of  the  pattern.  When  the  input  is  shifted  in  four  directions,  the  center  is 
recognized  by  a  high  intensity  spot.  The  thresholding  device  eliminates  all  other  spots  and 
passes  the  high  intensity  spot  to  another  shift  process.  The  output  pattern  is  then  generated 
with  low  intensity  spots  and  passed  through  a  regeneration  stage  which  restores  the  high 
intensity  to  all  spots.  Rules  for  SSL,  which  determine  the  output  for  a  given  input  pattern, 
can  be  developed  to  perform  the  functions  of  logic  gates,  computations,  and 
interconnections  [73].  The  threshold  network  may  be  based  on  the  intensity  of  the  bright 
spot  or  other  parameters  such  as  polarization. 

Symbolic  substitution  logic  is  another  potential  application  for  the  optical  data 
transfer  concept.  The  output  pattern  of  an  SSL  logic  system  can  be  transmitted  direcdy  to 
an  array  of  optical  detection  and  storage  cells,  which  gives  immediate  access  to  the  data 


UP 

SHIFT  SHIFT 

Figure  6-6.  Symbolic  Substitution  Implementation  [75]. 
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from  a  computation.  Alternatively,  the  output  may  be  subjected  to  other  optical  processing 
prior  to  storage  of  the  new  bit  pattern. 

6.1.3  Multivalued  Logic 

Multivalued  logic  [76]  allows  implementation  of  functions  with  fewer  inputs.  Binary 
logic  offers  four  possible  input  combinations  to  a  logic  gate  and  16  possible  output 
functions.  Ternary  logic  provides  nine  possible  input  combinations  and  performs  19,638 
functions  [73].  The  detector  and  load  circuits  in  Chapter  4  may  offer  a  third  logic  state 
when  the  response  to  a  photonic  input  causes  the  detector  output  to  rise  above  the  supply 
rail.  An  example  definition  for  the  three  states  based  on  the  detector  output  voltage  is 
given  in  Table  6-2  for  a  supply  rail  of  5  volts. 

6.2  Optical  Fiber  Data  Transmission 

The  optoelectronic  SRAM  presented  in  Chapter  5  is  specifically  designed  for 
compatibility  with  inputs  from  a  holographic  ROM.  Without  major  changes,  the  same 
system  may  also  accept  inputs  from  an  array  of  optical  fibers.  Single-mode  fibers  generally 
have  small  cores  and  a  step-index  profile  between  the  core  and  the  cladding.  Commercially 
available  single-mode  fibers  have  core  diameters  of  1.5-10  (im  and  are  designed  for 
operating  wavelengths  in  the  range  of  Argon,  He-Ne,  and  other  lasers  detectable  by  silicon 
devices.  The  fiber  cladding  and  jacket  are  often  125  (im  and  250  (im  in  diameter, 
respectively. 

Graded-index  multimode  fibers  are  inexpensive  and  easy  to  work  with,  but  generally 
have  core  diameters  in  the  50-100  |im  range.  The  diameter  of  the  jacket  is  much  larger  than 
that  of  single-mode  fibers,  although  the  cladding  diameters  are  about  the  same.  Ideally,  the 
complete  optical  fiber  fits  into  a  100  (im  square,  which  is  the  size  of  the  storage  cell.  An 
example  system  is  shown  in  Fig.  6-7. 
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Table  6-2.  Electronic  States  for  Three  Photonic  Inputs. 


OPTICAL  FIBER  NETWORK  OPTOELECTRONIC 

RAM 

Figure  6-7.  Optoelectronic  Static  RAM  with  Input  from  Optical  Fibers. 
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6.3  Optically  Reconfigurable  Logic 


Figure  6-8  shows  an  example  of  a  combinational  logic  circuit  reconfigured  by  an 
optical  input.  When  P  =  0,  the  output  of  the  circuit  is  the  AND-OR-INVERT  shown  in 
Fig.  6-8(b).  Application  of  the  optical  input  switches  the  logic  expression  to  the  OR-AND- 
INVERT  in  Fig.  6-8(c).  If  b  =  a  and  c  =  d,  P  =  1  creates  an  XOR  operation  on  inputs  a 
and  d.  The  NMOS  transistor  controlled  by  the  optical  circuit  includes  body  bias  effects  and 
causes  the  circuit  to  deviate  from  the  complementary  operation  for  which  it  was  designed. 
The  optical  input  could  have  also  been  placed  in  parallel  with  one  of  the  existing  inputs. 

6.4  Optical  Inputs  to  CMOS  Logic  Gates 

The  detector  circuits  in  Chapter  4  may  be  used  as  inp  its  to  logic  circuits  to  obtain  an 
electronic  output  from  either  all  optical  inputs  or  a  combination  of  electronic  and  optical 
input  variables.  Figure  6-9  shows  a  CMOS  NAND  gate  with  an  optical  input  and  an 
electronic  input.  This  type  of  circuit  could  be  a  basis  for  a  simple  optical  processor.  An 
optical  processor  using  photonic  inputs  may  be  controlled  by  a  volume  hologram  or  an 
optical  fiber  network. 

6.5  Optically-Controlled  Circuits 

A  fundamental  optical  control  circuit  is  shown  in  Fig.  6-10.  Under  dark  conditions, 
P  is  set  to  a  logic  zero.  Control  applications  include  logic  circuits,  interconnects,  address 
encoders  and  decoders,  and  pass  transistors.  Figure  6-11  is  a  simple  2x1  multiplexer 
realized  from  two  transmission  gates  and  controlled  optically.  This  circuit  has  been 
selected  to  demonstrate  this  principle  because  it  can  be  easily  expanded  to  larger  multiplexer 
circuits.  It  also  performs  logic  operations  on  the  optical  control  parameters  and  the  input 
variables  according  to  the  input  table  accompanying  the  figure.  A  single  transmission  gate 
may  also  be  used  in  the  applications  listed  above. 
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b - 1 


Figure  6-8.  Optically-Reconfigured  Circuit,  (a)  Schematic  diagram,  (b)  Gate 
equivalent  without  optical  input,  (c)  Gate  equivalent  with  optical  input. 
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Figure  6-10.  Optical  Control  Circuit. 
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Figure  6-11.  Optically-Controlled  Circuit  for  Multiplexing  and  Logic  Operations. 


6.6  State-of-the-Art  Memories 

Portions  of  the  optical  data  transfer  system  may  be  applicable  to  new  approaches  to 
optical  storage  and  optical  readout  of  data.  Associative  or  content-addressable  memories 
[77]  are  based  on  the  storage  of  data  in  the  pages  of  a  volume  hologram.  Readout  from  the 
memory  is  accomplished  by  using  part  of  the  stored  pattern  to  illuminate  the  hologram.  As 
a  result,  the  reference  beam  that  corresponds  to  that  pattern  is  reconstructed.  Once  the 
appropriate  reference  beam  has  been  identified,  it  is  reproduced  to  read  out  the  whole  data 
page.  This  approach  to  data  storage  is  similar  to  optical  ROM-to-electronic  RAM  data 
transfer.  Thus,  during  the  readout  of  the  associative  memory,  the  data  can  be  transferred  to 
an  array  of  optical  detection  and  storage  cells. 
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Another  process  which  may  apply  to  the  optical  data  transfer  technology  is  optical 
multiprocessor  interconnects  (OPTIMUL)  [78].  This  concept  proposes  the  parallel  readout 
of  data  from  a  standard  electronic  memory  by  an  array  of  reflected  light  beams.  The  data 
storage  locations  in  the  memory  are  coated  with  a  thin  polymeric  film.  When  the  nodes  are 
illuminated,  the  electric  field  where  data  is  stored  causes  intensity  modulation  of  the 
incident  light.  The  reflected  beam  then  contains  a  bit  map  of  the  contents  of  the  accessed 
RAM.  The  OPTIMUL  system  proposes  simultaneous  transfer  of  the  contents  of  the 
reflected  beam  to  several  processors  using  photodetector  technology.  Instead,  the  data 
could  be  transferred  to  multiple  optoelectronic  static  RAMs  which  are  associated  with  the 
processors.  Another  alternative  is  to  modify  the  optical  detection  and  storage  cell  array  in 
Chapter  5  to  allow  readout  using  the  OPTIMUL  system.  This  would  create  a  memory  with 
parallel  optical  write  and  parallel  optical  read.  A  diagram  of  an  OPTIMUL  system  is  shown 
in  Fig.  6-12. 


Figure  6-12.  Optical  Multiprocessor  Interconnect  System. 
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CHAPTER  7 


CONCLUSIONS 

7.1  Summary  of  Results 

A  system  for  parallel  detection  and  storage  of  optically  transmitted  data  has  been 
designed,  fabricated,  and  tested.  Development  of  the  circuits  for  receiving  data  contained 
in  a  parallel  array  of  low  power  light  beams  was  based  on  the  examination  of  topics  in 
several  different  areas.  A  graphical  approach  to  CMOS  SRAM  cell  design  that  provided  a 
basis  for  determining  the  interaction  between  the  optical  and  electronic  circuits  was 
introduced.  The  theoretical  and  experimental  performance  of  photodetection  devices 
fabricated  in  a  bulk  CMOS  process  was  presented.  A  number  of  detector  load  devices  were 
compared  on  a  theoretical  and  experimental  basis  to  determine  suitability  for  conversion  of 
optical  signals  to  a  DC  voltage.  Finally,  a  RAM  cell  was  developed  for  detection  and  static 
storage  of  data  transferred  from  a  holographic  ROM. 

7.1.1  Design  of  CMOS  Static  RAM  Cel' 

A  stability  analysis  of  a  CMOS  static  RAM  cell  was  performed  using  basic  transfer 
characteristics  of  MOSFET  inverters.  The  analysis  was  based  on  the  retention  of  data 
during  the  worst-case  read  operation.  A  static  RAM  cell  storing  a  logic  zero  is  most 
susceptible  to  noise  when  the  information  at  the  DATA  node  is  transferred  through  an 
access  transistor  to  the  BIT  line.  Soft  errors  occur  because  the  read  operation  temporarily 
raises  the  voltage  at  the  DATA  node.  Under  normal  conditions,  the  change  in  voltage  is 
inadequate  to  cause  the  stored  bit  to  change  to  a  logic  one.  However,  when  noise  from  a 
variety  of  sources  is  added,  the  net  change  in  DATA  node  voltage  may  cause  a  random  soft 
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error  or  a  change  of  data.  The  size  of  the  cell  noise  margin  determines  the  immunity  of  the 
cell  to  noise.  Three  fundamental  parameters  were  used  for  the  analysis.  The  CMOS 
inverter  threshold  determines  the  point  at  which  a  transition  from  a  logic  one  to  a  logic  zero 
occurs.  The  CMOS  inverter  input  low  voltage  is  the  maximum  logic  zero  input  that  assures 
a  logic  one  at  the  output.  This  parameter  represents  the  allowable  change  in  voltage  at  the 
DATA  node,  including  noise.  The  third  parameter  is  the  output  low  voltage  of  an  NMOS 
inverter,  which  determines  the  change  in  voltage  at  the  DATA  node  during  a  read  operation. 
These  three  parameters  were  displayed  graphically  and  then  combined  to  obtain  a  low  noise 
margin.  It  was  shown  that  the  results  from  this  analysis  are  supported  by  a  published  static 
noise  margin  calculation.  This  work  has  three  important  features.  For  a  range  of  transistor 
aspect  ratios,  it  serves  the  same  purpose  as  the  static  noise  margin,  but  is  much  less 
complex  and  offers  better  insight  into  the  operation  of  the  cell.  Second,  a  version  of  the 
static  noise  margin  was  derived  for  fabrication  processes  in  which  the  PMOS  and  NMOS 
thresholds  are  of  different  magnitudes.  Finally,  this  approach  to  cell  design  translates 
directly  into  a  method  for  determining  the  interaction  between  the  basic  SRAM  cell  and  the 
optical  circuit  addition. 

7.1.2  Silicon  Integrated  Photodetection  Devices 

A  geometry  was  presented  for  several  silicon  photodetection  devices  that  are 
compatible  with  CMOS  fabrication  processes.  The  pn  junction  photodiode  was  used  as  a 
basis  for  analysis  of  these  shallow-junction  devices.  Two  large  signal  models  for  SPICE 
simulations  were  developed  from  the  diode  equivalent  circuit.  An  established  averaging 
method  was  applied  to  the  diode  capacitance  and  depletion  layer  width.  The  photodetection 
process  and  each  component  of  the  photon-generated  current  were  analyzed  in  terms  of 
special  considerations  for  shallow-junction  devices.  As  a  result,  alternatives  to  the  standard 
expression  for  photocurrent  were  presented.  Two  complete  models  were  given  for 
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photodiodes  fabricated  in  a  bulk  CMOS  process.  The  respective  model  parameters  were 
tabulated  for  easy  application  to  optoelectronic  circuits. 

7.1.3  Detection  of  Optical  Data 

Load  devices  for  the  shallow-junction  photodetectors  were  examined.  The  devices 
were  restricted  to  n-channel  and  p-channel  MOSFETs  biased  in  the  three  different  regions 
of  operation.  Both  pull-  up  and  pull-down  circuits  were  considered.  The  detectors  with 
load  devices  were  compared  in  terms  of  theoretical  performance  as  well  as  simulation  and 
experimental  results.  Two  load  device  configurations  were  found  to  be  acceptable  for  low 
power  optical  input  applications.  Based  on  this  analysis,  an  empirical  value  for  the 
effective  fast  surface  state  density  model  parameter  was  proposed. 

7.1.4  Storage  of  Optically  Transmitted  Data 

The  most  important  portion  of  the  research  was  accomplished  in  this  area.  A  16-bit 
memory  was  developed  for  detection  and  storage  of  optically  transmitted  data.  Circuits  for 
optically  writing  information  to  a  storage  node  were  developed  and  added  to  a  CMOS  static 
RAM  cell,  which  was  designed  specifically  for  optical  applications.  The  theoretical 
transient  behavior  of  the  cell  and  the  possibility  of  undesirable  interaction  between  the 
optical  and  electronic  components  were  examined.  The  cells  were  geometrically  arranged 
for  compatibility  with  input  in  the  form  of  a  parallel  array  of  light  beams  from  a  volume 
hologram.  The  presence  of  light  at  a  particular  location  in  the  cell  was  interpreted  to  be 
transmission  of  a  logic  zero.  The  absence  of  light  having  the  minimum  threshold  intensity 
was  considered  to  be  a  logic  one. 

The  memory  was  fabricated  in  a  p-well,  CMOS  process.  The  layout  was  based  on  2 
|im  scalable  CMOS  rules.  The  optoelectronic  RAM  cells  were  tested  individually  and 
collectively  for  optical  data  storage  and  electrical  data  storage  and  retrieval.  Several 
different  bit  patterns  were  used  to  test  the  parallel  write  capability  of  the  16-bit  RAM. 
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Successful  tests  were  performed  using  light  patterns  formed  by  a  series  of  optical  masks 
placed  in  the  path  of  an  Argon  laser  beam.  The  concept  of  parallel  optical  data  transfer  was 
also  verified  by  using  an  array  of  light  beams  from  the  output  of  a  hologram.  The  results 
given  in  this  section  are  important  to  the  research  on  optical  ROM-to-electronic  RAM  data 
transfer.  The  primary  application  is  parallel  transmission  of  a  secure  instruction  set  to  a 
processor. 

7.2  Recommendations  for  Future  Research 

Two  areas  exist  for  potential  continuation  of  the  research  presented  in  this  thesis. 

One  area  is  associated  with  the  ongoing  research  of  optical  ROM-to-electronic  RAM  data 
transfer.  The  other  potential  research  concerns  improvements  to  the  optical  detection  and 
storage  cell  and  extensions  of  the  optical  data  transfer  technology  to  other  applications. 

7.2.1  Optical  ROM-to-Electronic  RAM  Data  Transfer 

Development  of  the  volume  hologram  for  the  optical  ROM-to-electronic  RAM  data 
transfer  system  is  in  progress.  The  next  phase  of  the  electronics  part  of  the  research  is  a 
256-bit  RAM  with  on-chip  decoders  and  output  circuits.  The  RAM  is  currently  in 
fabrication.  Preparations  are  also  being  made  for  experimental  determination  of  the  time 
interval  for  the  optical  write  process. 

7.2.2  Optical  Detection  and  Storage  Cell 

Although  not  vital  to  the  completed  phase  of  the  optical  data  transfer  research,  the 
transient  response  of  individual  photodetectors  is  in  need  of  further  attention.  Investigation 
of  this  topic  would  contribute  to  the  optical  ROM-to-electronic  RAM  technology,  as  well  as 
many  other  areas  such  as  optical  computing  and  optical  interconnects.  The  transient 
response  of  detectors  is  particularly  important  for  silicon  systems  using  light  sources  of 
longer  wavelengths  (e.g.  0.8- 1.0  pm).  The  low  absorption  coefficient  of  such  light 
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sources  causes  a  large  number  of  carriers  to  be  generated  in  the  substrate. 

The  optical  portion  of  the  detection  and  storage  cell  may  be  considered  for  further 
examination.  The  development  of  innovative  load  devices  and  current  amplifiers  may 
reduce  the  capacitance  seen  by  the  detector  and  speed  up  the  write  operation.  At  the  same 
time,  the  optical  power  may  be  reduced. 

The  optical  detection  and  storage  cell  may  eventually  need  to  be  reduced  in  size.  The 
impact  of  fabricating  the  circuit  in  a  0.6, 0.8,  or  1.2  pm  process  must  be  determined. 
Future  research  should  also  consider  other  ways  to  accomplish  the  same  optical  write 
process. 
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APPENDIX  A 


CIRCUIT  LAYOUT  AND  FABRICATION 

An  important  part  of  research  is  the  opportunity  to  fabricate  circuits  and  obtain 
experimental  support  of  theoretical  concepts.  Thus  far,  eight  tinychips  have  been  fabricated 
in  support  of  research  related  to  optical  ROM-to-electronic  RAM  data  transfer.  The 
tinychip  is  a  name  given  to  a  small,  low-cost  chip  available  through  the  MOSIS.  This 
appendix  details  the  layout  and  fabrication  of  chips  used  to  support  this  work. 

A.I  Circuit  Layout 

The  MAGIC  graphical  editor  was  used  to  create  the  layout  for  each  of  the  chips 
fabricated.  All  layouts  were  developed  on  a  Sun- 160  work  station  with  an  integrated  color 
display.  The  MOSIS  Scalable  CMOS  design  rules  were  used  to  generate  the  layouts,  with 
the  scale  parameter  X  set  to  a  value  of  1 .0  as  required  for  the  2  pm  fabrication  process.  The 
minimum  transistor  dimensions  were  3  pm  and  2  pm  for  the  channel  width  and  length, 
respectively.  Each  layout  was  converted  to  Caltech  Intermediate  Form  (CIF)  format  and 
submitted  to  the  MOSIS  via  electronic  mail. 

A.2  Fabrication  Process 

All  chips  were  fabricated  in  a  2  pm  CMOS/bulk  process  which  offered  two  layers  of 
metal  and  polysilicon.  P-wells  were  specified  due  to  the  photosensitive  regions  in  the 
circuit  An  example  tinychip  pad  frame  with  a  16-bit  RAM  is  shown  in  Fig.  A-l.  Model 
parameters  were  provided  for  each  chip  fabricated  at  the  MOSIS.  Parameters  averaged 
over  an  eight  month  period  are  given  in  Table  A-l . 
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Figure  A-l.  Example  of  a  Tinychip  Pad  Frame.  The  chip  is  2200  pm  wide  and 
2250  |i.m  long.  Bonding  pads  not  connected  to  the  memory  array  were  used  for 
individual  photodetectors,  detector  load  circuits,  and  optical  write  circuits. 
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Table  A- 1.  SPICE  Model  Parameters.  Parameters 
arc  average  values  extracted  from  three  fabrication 
runs  over  an  eight  month  period. 


PARAMETER 

UNITS 

NMOS 

PMOS 

LEVEL 

— 

2.00 

2.00 

VTO 

V 

1.00 

-0.74 

KP 

A/V2 

55.100E-6 

21.80E-6 

GAMMA 

V0.5 

1.01 

0.49 

PHI 

V 

0.60 

0.60 

LAMBDA 

1/V 

2.37E-2 

5.76E-2 

DELTA 

— 

1.51 

1.46 

XJ 

M 

0.25E-6 

0.25E-6 

CGSO,  CGDO 

F/M 

3.18E-10 

3.11E-10 

CJ 

F/M2 

3.97E-4 

1.94E-4 

MJ 

— 

0.46 

0.43 

CJSW 

F/M 

5.15E-10 

2.55E-10 

MJSW 

— 

0.36 

0.28 

TOX 

M 

40.00E-9 

40.00E-9 

LD 

M 

0.24 

0.24 

NSUB 

CM'3 

2.27E16 

5.48E+14 

UEXP 

— 

0.24 

0.24 

UCRIT 

V/CM 

11.64E+4 

50.39E+3 

VMAX 

M/S 

86.40E+3 

43.00E+3 

NFS 

CM'2 

2.26E+12 

3.093+11 

NEFF 

— 

1.00 

1.00 

NSS 

CM'2 

1.00E+12 

1.00E+12 

TPG 

— 

1.00 

-1.0 

RSH 

Q/SQ. 

21.04 

72.06 

PB 

V 

0.8 

0.70 

CGBO 

F/M 

6.94E-10 

6.66E-10 
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APPENDIX  B 


EXPERIMENTAL  SETUP 

In  the  equipment  arrangement  in  Fig.  B-l,  two  10X  microscope  objectives  are  used 
to  focus  the  Helium-Neon  laser  beam  into  and  out  of  a  spatial  filter  with  a  15  pm  pinhole. 
The  beam  is  then  projected  onto  the  test  chip  via  two  mirrors,  a  10X  eyepiece,  and  a  10X 
microscope  objective.  Micro  positioners  are  used  to  adjust  the  microscope  objectives  to 
achieve  a  minimum  spot  size  at  the  location  of  the  test  chip.  With  the  chip  carrier  in  a  fixed 
position  and  the  beam  focused  on  a  photodetector,  the  microscope  objectives  and  mirrors 
are  further  adjusted  to  obtain  maximum  photocurrent 


Microscope  Objective 


Figure  B-l.  Experimental  Setup  for  Laboratory  Measurements. 
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During  experimental  measurements,  the  optical  equipment  must  remain  in  the 
properly  aligned  position.  The  relative  locations  of  the  light  beam  and  the  test  chip  are 
controlled  by  a  micro  positioner  on  which  the  chip  carrier  is  mounted.  The  positioner  for 
the  10X  microscope  objective  and  eyepiece  is  mounted  on  a  laboratory  jack,  but  remains 
stationary  once  proper  alignment  has  been  obtained.  The  positioner  for  the  chip  carrier  is 
mounted  on  an  optical  rail,  which  restricts  the  motion  of  the  chip  to  only  the  movement  of 
the  micro  positioner.  A  beam  splitter/attenuator  is  used  to  vary  the  intensity  of  light 
incident  on  the  chip.  The  incident  light  power  is  measured  with  a  power  meter. 
Measurements  are  taken  by  temporarily  placing  the  meter  in  front  of  the  10X  eyepiece  and 
adjusting  the  position  until  the  maximum  reading  is  obtained.  A  photograph  of  the 
laboratory  equipment  is  shown  in  Fig.  B-2  and  listed  in  Table  B-l. 

The  response  of  two  photodiodes  to  a  vertical  scan  of  the  laser  beam  is  shown  in  Fig. 
B-3.  Detector  A  is  a  p+n-  photodiode  with  the  p+  implant  46  pm  long  in  the  direction  of 


Figure  B-2.  Photograph  of  Laboratory  Equipment  Used  for  Experimentation. 
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PHOTOCURRENT(|iA) 


Table  B-l.  List  of  Basic  Equipment  Used  for  Experiments 


Spectra  Physics  Model  155  Helium- Neon 
Laser  (0.95  mW  maximum  output) 

Oscilloscope  Tektronix  5103N  - 
5A18N  Dual  Trace  Amplifier 

Spectra  Physics  Model  124B  Helium-Neon 
Laser  (15  mW  maximum  output) 

Probe/Test  Station 

Beam  Folding  Mirror  and  Mount  (2) 

Jodon  VBA -200  Beam  Splitter 

Coherent  Model  212  Power  Meter 

HP  3476A  DMM 

X-Y-Z  Micro  Positioner  (3) 

Unidirectional  Positioner  (2) 

10X  Eyepiece 

10X  Microscope  Objective  (3) 

Spatial  Filter 

B  A 


Figure  B-3.  Response  of  Two  Photodiodes  to  a  Laser  Beam  Scan. 
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the  scan.  Detector  B  is  an  n+pn-  device  with  both  n-type  regions  connected  to  the  positive 
supply  voltage.  The  n+  implant  is  32  pm  in  the  scan  direction,  while  the  p-well  is  50  pm 
long.  The  spacing  between  detector  centers  is  147  pm.  From  the  valley  in  the  figure  and 
the  known  spacing  of  108  pm  between  the  edges  of  the  photosensitive  regions,  the  spot 
size  is  estimated  to  be  in  the  range  of  30-45  pm. 
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APPENDIX  C 


EXAMPLE  SPICE  INPUT  FILES 


The  SPICE  circuit  simulator  was  used  throughout  the  research  to  support  theoretical 
calculations  and  predict  experimental  results.  Generally,  the  simulations  were  run  on  a 


personal  computer.  In  some  cases  PSPICE  was  used.  The  sample  input  files  are  given  in 
the  next  paragraphs. 

C.l  Simulation  of  a  Photodiode  and  NMOS  Load 

NONSAT  NFET  LOAD 
VDD205 

IP  2  1  PWL(0  0  5N  0  6N  40U  106N  40U  107N  0) 

♦DIODE  MODEL  IS  FOR  AREA  OF  30X30 
D1  12DMOD1 

.MODEL  DMOD  D(IS=0.718E-14  RS=100  TT=0.1N  CJO=81F  VJ=0.86) 

Ml  1  2  0  0  NMOD  L=20U  W=3U  AD=20P  AS=20P  PD=20U  PS=20U 
.MODEL  NMOD  NMOS(LEVEL=2  LD=0.24U  TOX=400E-10  NSUB=2.27E+16 
+VTO=l  KP=5.51E-5  GAMMA=1.01  PHI=0.6  UO=616.32  UEXP=0.24 
+UCRIT=1 16400  XJ=0.25U  LAMBDA=2.37E-2  NFS=2.26E+12  NEFF=1  NSS=1E+12 
+TPG=1  RSH=21.04  CGDO=3.18E-10  CGSO=3.18E-10  CGBO=6.94E-10  CJ=3.97E-4 
+MJ=0.46  aSW=5.15E-10  MJSW=0.36  PB=0.8  DELTA=1.51  VMAX=86400) 
.MODEL  PMOD  PMOS(LEVEL=2  LD=0.24U  TOX=400E-10  NSUB=5.48E+15 
+VTO=-0.74  KP=2.18E-5  GAMMA=0.49  PHI=0.6  UO=271.78  UEXP=0.24 
+UCRIT=50392  XJ=0.25U  LAMBDA=5.76E-2  NFS=3.09E+13  NEFF=1  NSS=1E+12 
+TPG=-1  RSH=72.06  CGDO=3.11E-10  CGSO=3.1  IE-10  CGBO=6.66E-10 
+CJ=1.94E-4  MJ=0.43  CJSW=2.55E-10  MJSW=0.28  PB=0.7  DELTA=1.46 
+VMAX=43000) 

.TRAN  5N  200N 

.PRINT  TRAN  V(l)  ID(M1)  I(D1)  I(IP) 

.PROBE  V(l)  ID(M1)  I(D1)  I(IP) 

.END 


C.2  Simulation  of  an  Optoelectronic  SRAM  Cell 

TRANSIENT  RESPONSE  FOR  OPTICAL  WRITE 
VDD5Q5 
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IP  5  8  PWL(0  0  5N  0  6N  10U  106N  10U  107N  0) 

.NODESET  V(2)=5 

.OPTIONS  NOMOD ITL 1=300  ITL2=300 

VBL  1  0  5 
VBLN4  0  5 
VWL700 
VWLN600 

*DIODE  MODEL  IS  FOR  AREA  OF  30X30 
D1  8  5  DMOD  0.28 

.MODEL  DMOD  D(IS=1.218E-14  RS=100  TT=0.1N  CJO=81F  VJ=0.86) 

Ml  2  3  0  0  NMOD  L=2U  W=4U  AD=28P  AS=64P  PD=28U  PS=34U 
M2  3  2  0  0  NMOD  L=2U  W=4U  AD=28P  AS=20P  PD=22U  PS=18U 
M3  2  3  5  5  PMOD  L=4U  W=3U  AD=23P  AS=22P  PD=20U  PS=20U 
M4  3  2  5  5  PMOD  L=4U  W=3U  AD=23P  AS=22P  PD=20U  PS=20U 
M5  1  7  2  0  NMOD  L=4U  W=3U  AD=22P  AS=60P  PD=46U  PS=20U 
M6  4  6  3  0  NMOD  L=4U  W=3U  AD=22P  AS=60P  PD=46U  PS=20U 
M7  0  0  8  5  PMOD  L=30U  W=3U  AD=16P  AS=16P  PD=20U  PS=20U 
M8  2  8  0  0  NMOD  L=2U  W=4U  AD=28P  AS=64P  PD=28U  PS=34U 

.MODEL  NMOD  NMOS(LEVEL=2  LD=0.24U  TOX=400E-10  NSUB=2.27E+16 
+VTO=l  KP=5.51E-5  GAMMA=1.01  PHI=0.6  UO=616.32  UEXP=0.24 
+UCRIT=1 16407  XJ=0.25U  LAMBDA=2.37E-2  NFS=2.26E+12  NEFF=1  NSS=1E+12 
+TPG=1  RSH=21.04  CGDO=3.18E-10  CGSO=3.18E-10  CGBO=6.94E-10  CJ=3.97E-4 
+MJ=0.46  CJSW=5.15E-10  MJSW=0.36  PB=0.8  DELTA=1.51  VMAX=86404) 

.MODEL  PMOD  PMOS(LEVEL=2  LD=0.24U  TOX=400E-10  NSUB=5.48E+15 
+VTO=-0.74  KP=2.18E-5  GAMMA=0.49  PHI=0.6  UO=271.78  UEXP=0.24 
+UCRIT=50392  XJ=0.25U  LAMBDA=5.76E-2  NFS=3.09E+11  NEFF=1  NSS=1E+12 
+TPG=-1  RSH=72.06  CGDO=3.11E-10  CGSO=3.11E-10  CGBO=6.66E-10 
+CJ=1.94E-4  MJ=0.43  CJSW=2.55E-10  MJSW=0.28  PB=0.7  DELTA =1.46 
+VMAX=42999) 

.TRAN  5N  200N 

.PRINT  TRAN  V(l)  V(2)  V(3)  V(4)  V(6)  V(7)  I(D1)  IS(M7)  I(IP) 

.PROBE  V(2)  V(3)  V(8)  ID(M8)  ID(M1)  ID(M3)  I(D1)  IS(M7)  I(EP) 

.END 


C.3  Determination  of  Transistor  Characteristics 

SAT  PFET  LOAD 

VSD100 

VDD205 

M2  0  0  1  2  PMOD  L=2U  W=3U  AD=20P  AS=20P  PD=20U  PS=20U 
M3  0  0  1  2  PMOD  L=3U  W=3U  AD=20P  AS=20P  PD=20U  PS=20U 
M4  0  0  1  2  PMOD  L=10U  W=3U  AD=20P  AS=20P  PD=20U  PS=20U 
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M5  0  0  1  2  PMOD  L=20U  W=3U  AD=20P  AS=20P  PD=20U  PS=20U 
M6  0  0  1  2  PMOD  L=30U  W=3U  AD=20P  AS=20P  PD=20U  PS=20U 

.MODEL  NMOD  NMOS(LEVEL=2  LD=0.24U  TOX=400E-10  NSUB=2.27E+16 
+VTO=l  KP=5.51E-5  GAMMA=1.01  PHI=0.6  UO=616.32  UEXP=0.24 
+UCRIT=1 16400  XJ=0.25U  LAMBDA=2.37E-2  NFS=0.56E+12  NEFF=1  NSS=1E+12 
+TPG=1  RSH=21.04  CGDO=3.18E-10  CGSO=3.18E-10  CGBO=6.94E-10  CJ=3.97E-4 
+MJ=0.46  CJSW=5.15E-10  MJSW=0.36  PB=0.8  DELTA=1.51  VMAX=86400) 

.MODEL  PMOD  PMOS(LEVEL=2  LD=0.24U  TOX=400E-10  NSUB=5.48E+15 
+VTO=-0.74  KP=2.18E-5  GAMMA=0.49  PHI=0.6  UO=271.78  UEXP=0.24 
+UCRIT=50392  XJ=0.25U  LAMBDA=5.76E-2  NFS=3.09E+13  NEFF=1  NSS=1E+12 
+TPG=-1  RSH=72.06  CGDO=3.11E-10  CGSO=3.1  IE-10  CGBO=6.66E-10 
+CJ=1.94E-4  MJ=0.43  CJSW=2.55E-10  MJSW=0.28  PB=0.7  DELTA=1.46 
+VMAX=43000) 

•DC  VSD  0  5  0.2 

.PRINT  DC  V(l)  IS(M2)  IS(M3)  IS(M4)  IS(M5)  IS(M6) 

.PROBE  V(l)  IS  (M2)  IS(M3)  IS(M4)  IS(M5)  IS(M6) 

.END 
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APPENDIX  D 


SRAM  CELL  ARRAY  READOUT  CIRCUIT 

A  static  RAM  is  generally  arranged  for  individual  access  of  each  cell  for  readout  of 
data.  The  BIT  lines  run  vertically  and  are  connected  to  every  cell  in  a  column  via  access 
transistors.  Only  a  single  bit  of  data  can  be  placed  on  a  BIT  line  at  one  time.  The  word 
lines  run  horizontally  and  access  all  transistors  in  a  row  at  once.  All  of  the  data  from  the 
RAM  cannot  be  displayed  at  the  same  time.  The  most  data  that  can  be  read  at  once  is  a 
complete  row.  To  read  the  entire  RAM,  the  rows  must  be  accessed  sequentially  by  turning 
the  word  lines  on  and  off. 

Using  commercially  available  integrated  circuit  chips,  a  readout  circuit  was  designed 
and  built  for  the  4  x  4  array  of  optical  detection  and  storage  cells.  A  two-position  switch 
was  connected  to  each  of  the  word  lines  to  allow  connection  to  either  5  volts  or  ground. 
Switches  were  also  connected  to  the  BIT  lines  and  NOT  BIT  lines  to  allow  each  one  to 
either  be  connected  to  ground  or  left  floating.  These  two  positions  were  required  for 
electrical  write  and  read  operations,  respectively.  The  readout  circuit  in  Fig.  D-l  is 
connected  to  the  BIT  and  NOT  BIT  lines  through  a  set  of  on-off  switches.  The  stage  after 
the  switches  is  a  comparator  which  functions  as  a  sense  amplifier  to  detect  and  latch  the 
voltage  difference  of  the  BIT  and  NOT  BIT  lines.  Four  CMOS  NAND  gates  are  then  used 
to  accommodate  the  word  line  inputs  for  each  BIT  line  and  identify  the  cell  being 
addressed.  The  output  of  each  NAND  gate  goes  to  an  inverting  buffer  which  acts  as  an 
interface  between  CMOS  and  TTL.  Each  buffer  drives  the  base  of  a  bipolar  transistor. 
These  devices  each  drive  one  of  the  16  LEDs,  which  correspond  to  the  16  RAM  cells. 
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Figure  D- 1.  SRAM  Readout  Circuit 
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